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INTRODUCTION 

The intent of the Appendices is to present some of the material used to 

devnlop the data contained in Books 1, 2 and 3.  Since this material is a backup, 

it is not edited and is presented as raw Engineering Data. 
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NOZZLE CONTOUR 

This Appendix provides documentation of initial calculations made 

regarding nozzle contours for the 8K to 50K parametric analysis.  Included 

for use in preliminary engine cycle, thermodynamic, and payload optimization 

studies are surface area and length relationships for minimum length Rao con- 

tours for all overall area ratios.  The information provided should allow 

computation of all weight and envelope factors required for preliminary engine 

optimization studies at mixture ratios 5, 6, and 7. 

Iterations are b.2ing performed on all contour data provided herein. 

The included information should therefore be, in all cases, considered pre- 

liminary in nature and open for adjustment at a later date. 

f 

ALRC's Rao Optimum Nozzle Contour Program No. E21207 was utilized to 

design the study nozzle contours.  This program utilizes the Method of 

Characteristics, the Hall Transonic Flow Model  , and a constant gamma per- 

fect gas expansion to calculate the nozzle geometry.  Contours were developed 

for the mixture ratio design point of 6.0:1 for area ratios from 140:1 to 

500:1. A value of 1.22 was used for the ratio of specific heats (gamma) input 

to the program.  This value was found to be representative of a mean value for 

gamma calculated from equilibrium expansion of O./H. products to area ratios 

typical for this study.  Nozzles of expansion ratios greater than 280 were 

developed with aid from information given in the final report for Contract 
(2) 

'IAS  7-136v  . 

(1) Hall, S. M., Transonic Flow in Two-Dimensional and Axially - Symmetric 
Nozzles, Quarterly Journal of Mechanics and Applied Mathematics, 
Vol. XV, Pt. 4, January 1962. 

(2) Study of High Effective Area Ratio Nozzles for Space Craft Engines, 
ACC, Final Report for Contract NAS 7-136, June 1964. 
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I 
I 
I Enclosure (4) 

i 
Thrust 

F/P R. 
L/Rt -wax 

(lbf)  (lbf/in. )  (in.2)  (In.)  (L ■ 66 in.)  (@ L = 66 in.) (I) « 87 jn.) 

8K 

f 

15K 

25K 

50K 

300 26.7 2.09 31.58 158 433 

500 16.0 1.61 40.99 240 730 

1000 o 8.0 1.14 57.89 430 1456 

1500 5.3 0.92 71.74 6.14 2236 

300 50.0 2.88 22.90 93 22H 

500 30.0 2.22 29.V.< 143 384 

1000 15.0 1.56 42.31 253 778 

1500 10.0 1.28 51.56 354 1155 

2500 6.0 0.98 67.35 555 1970 

300 OJ. J 3.73 17.69 62 l?f> 

500 50.0 ,..88 22.90 93 228 

1000 25.0 2.02 32.67 166 464 

1500 16.7 1.66 39.76 229 687 

2500 10. Ü 1.28 51.56 372 1155 

500 iOQ.O 4.04 16.34 60 116 

1000 50.0 2.88 22.90 93 228 

1500 33.3 2.35 28.09 131 343 

2500 20.0 1.81 36.46 198 578 

t 

:«te: area ratios of 350,400,450,500 will be included at all 
Pc and thrust levels except where envelop*« limited 

[ O.O.S. Perfornance Analysis Study Matrix 
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MR 7 

ALL MR CONTOUR INFO 

O.O.S. Task V 
Contour Info. 

£ 
(R/Rt)e (L/Rt)e SA/R^ 

350 18.71 48. 3860 

400 20. 52. 4460 

450 21.21 55.6 5080 

500 22.36 59.0 5680 

MR 5 

\ 

350 18.71 56.1 4540 

400 20. 60.9 5250 

450 21.21 65.2 6000 

500 22.36 69.7 6 740 

MR 6 

350 18.71 51.2 4150 

400 20. 55.3 4800 

450 21.21 59.4 5450 

500 22.36 63.2 6190 

I 
! 

\ 

\ 
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H 

.10000+01 
,11953+01 
.11974+0 5 
.123u2+0l 
.12762+01 
.13173+01 
.13598+01 
,14037+01 
.14+93+01 
. I49b6+01 
.15+60+01 
.15987+01 
.161.20 + 01 
.17076+01 
. l7r.60 + 0i 
,18275+01 
.16923+0) 
.1.9593+01 
.20297-» 01 
.210'^+01 
.21027+01 
.226+6+01 
. 231)1 C + 01 
.2«+'1231 01 
.25390+01 
.26+00+0- 
,27+78<i'< 

,3l6b2-' ■»! 
.3!W»+nj 
.39/.-,;ül 
,U *',.'•-.< 01 
,u7.i60 + 01 
, Si 1 + 0 + 01 
.U+9J5+Ü1 
. ^884+01 

.62356+01 

.66092+01 

■^ 

WAIL CONDITION 
CF 5<A" 

-7S 
.uoooo 
,59364+00 
.596+7+00 
.6+957+00 
,7037^00 
.75990+00 
.61793+00 
.87809-100 
,9+062+00 
.10058+01 
.I07 39 + r:l 

.3 1'; 5++ 01 
»1220.U0: 
,129no+L; 

, l+bP-.+ Ol 
.lbf'3 + Cl 
.It  <J+0J 
, 37b27+0) 
.,o/32+üi 
.1490 3+01 
.21151+01 
,224864 0 3 
.23907+01 
.PL.'* 35+01 
.27070+01 
.28635+01 
,36394+Q) 

.'(3920+01 
,515-6+0! 
,59663+Oi 
,68251+01 

.7/500+01 
,87528+01 

.98+64+01 

.110+6+02 

.125i>6+02 

.12465+0': 

. 13133 + '.1 
,1313b-0.1 
,15}un+0l 

: 1 * V>'?3+ (.! I 

. 1-3387+01 

, i.3'i 52+01 
,'3519+01 
.135C7+01 
.3 3687+01 

,13731+01 
,13804+01 

.13879+01 

. 13957101 

.1+037+03 

.14120+01 

.1+20++01 

. 14290 + 03 

,14381«01 
.14+73+01 
.14567+01 

.14i>65+oi 
,147t>5+03 
.1+068+01 
.24974+01 

.15083+01 

.15502+0 3 

.15850+01 
, 163+9+01 
. 16418+01 
.16662+01 
.1688-"+01 
.17098+01 
.1729++01 
.17+77+01 
.176+8+01 

r 
.00(U!0 
,4257iH 01 
,428:v.5+0J 
.4 7A60+01 
.5 '193+01 
.6^868+01 
,6 4 9«: 0 + 01 
.73 391+01 
.78328+01 
.85783+01 
.93817+01 
. inpf2 + 02 
.1.' 1 90+ 02 
. i:'2G8+02 
. 1''•313 + 02 
.1'4513+02 
. l'v",3 > + 02 
,17270+02 
.lWl.'+OZ 
,20573+02 
,2^468+02 
.2'-666+02 
.,'J8'-vt.3 + 02 
,2°404>02 
.3^225+02 
.i5.'5tVi02 
,3°85++02 
,5M J8 + 0Ü 
. 7V.+ + + 02 
. <■> ~ 7 I ■. + 0 2 

,11711+03 
,V> 390 + 03 
. 174 6'! f 03 
.210p++0 3 
,?.r>?J 7 + 03 
.30051+03 
.3^876+03 

LX1T 

.68936+01 

.720+1+01 

.76175+01 

.77285+0! 

.80+7++01 

.636oH+C3 

.65613+01 

.89015+01 

.69++3+01 

.13076+02 

.14215+02 

.15445+02 
,lt>32+ + 02 
,17736+Oc' 
.192->9+02 
,20372+02 
.22166+02 
.22+07+02 

.17729+01 

.173+0+01 

.17066+01 

.18026+01 
,18125+nl 

.18219+01 

.18278+01 

.18361+01 

.18371+01 

.3N63Q+03 

. + 11057 + 03 
,+rr>25+03 
,5+256+03 
.61+30+03 
,6°506+03 
,7^+lM + G3 
,{VS+ + + + 03 
.68871+03 
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TiitvOAl   POINT 
TAuGilrtT. Küif;T 

tfö: I 

R 

"^ 

.10000+01 

.12140+01 

.1239.1+01 

.12826+01 

.15273+01 

WA 

.157 35+ 0.1 

.11213+01 

.14700+01 

.15224+01 

.1.57bl+0l 

.16321+01 

.16906+01 

.17522+01 

.10167+01 

.lBbol+Ol 

.19579+01 

.20319+01 

.21099+01 

.21931+01 

.22794+01 

.23708+01 

.24675+01 

.25690+01 

.26770+01 

.27906+01 

.29115+U1 

.34092+01 

.38756+0J 
,43234+01 
.4 7675-1 U] 
,52142+01 
. 56682+1*1 
,61323+01 
.66086+01 
.70992+01 

.76045+01 

.70620+01 

^ 
.00000 
.61627+ro 

.65022+00 

.70572+00 

.76301+00 

.62229+00 

.08379+00 

.94777+00 

.10145+01 

.10643+03 

.11574+0 5 

.12343+03 

.13153+" 

.140()7+dl 
,149*44 01 

,15872+01 

.168^-101 

. 17^'.-■•» + 01 

.19 i.UM 0.1 

.2Ü529+01 

.2i 6.■■»2+01 
,23026+01 

.24511+01 

.26115+01 

.27634+01 

.29690+01 

.37667+01 

.45733+01 

.53989+01 

.6272!-! 01 

.72076+01 

.82214+01 

.9^270+01 

.10639+02 

.11677+02 

.15357*02 

.14150+02 

LL CONDITIOMG 
CF 

. 124*0+0.1 
, 131 61 r o 1 
,13.QV+nj 
. l:^57+nt 
. 13319+01 
, 135^2 + 01 
.13446+01 
• 1 3!">j l+(ti 
.13570+01 
,13647+03 

.1371 / + 01 
,13790«01 
.3 3864 + (il. 
.13941+01 
.14 022-4 01. 
.14 103+01 
. J4J.0O+01 
.14271+01 
.147,60 + 01 
.1'! 450 + 01 
.14544+01 
.14640+01 
.14736-101 

.14B40+01 

.14946+01 

.15053+01 

.15470*01 

.1661M+01 

.16119+01 

. 163"1+01 

. I6o4 0+('l 

.16871+01 

.170A7+C1 

.17290+01 

.17462+01 

.17662+01 

.17746+01 

A 
.0-1000 
.440] {.+,-)! 

.4^04610 3 

.53657+01 
,5r,6u3>Ui 
.65966+01 
. 72630•< 0.1 
.60J J<H + ül. 
.6^117+0] 
.96606+01 
.105,974 02 
. 11605 + 0,-: 
.12703+02 
, J \ o (j p + n 2 

.15217+02 

.16655-1 Or! 
• IN.? 20 + 02 
. 1°968+ 02 
.21609+02 
.2'T'.--6H+02 

.26291+02 

.2H6O6+02 

.31717+02 
,34696+02 
,3H435+02 

,42400+02 
,510H6+02 
.62356+02 
. inf>64 403 
. 5""'6H 03 
.1 •'■•701 4 03 
.204^8+03 
.24^42+0^ 
,3Oib6+03 
.36292+03 

.'»3516+03 

.47602+03 

' -1 

I 
\ 

I 
\ 

r/lT POINT 

.82565+01 

.66623+01 

.69369+01 

.935bl+0l 

.97622+01 

.10071+02 

.10611+02 

.10963+02 

.11261+02 

.1170C+U2 

.11632+02 

A-ll 

.15444+02 

.16840+02 

.1784 0+02 

.19465+02 

.21216*02 

.224 66+02 

.2+64"+02 

.26606+02 

.2ÖU60+02 

.31133*02 

.31966+02 

.17872+01 

.17900+01 

.16066+01 

.16176+01 

.16278*01 
,16344*01 
.16433+01 
.16526+01 
.185PO+01 
.16657+01 

.16679.01 

.54419<03 

.6214Q403 

.67876+03 
,774t>3 + 03 
.6^361+03 
.964»3+0 3 
.110124 04 
.126o2+f4 
. l^72cH0' 

. 15(»Vi)*t'4 

.16326 4 0.. 
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A?/»' / .12399+01 .65046+00 
HO- \ , 12651+0j. . 706'VriH 0 0 

t .13317+0j ,76437H 00 
.13798+0] .82^20-00 
.14295+03 ,88631+OC 
.14811+0]. . 9b .1 HJ.+ 00 
.15.5(47+01 .10185+0i 
.15906+0.1 ,10r,.90 + !;l 
,16468+01 , 11(J3I «iJi 
.17098+01 . ia-»rV»oi 
.17737+01 . 13?':ö+0i 
.18106+0] .J^.-iv-.ü+dl 

.19113+01 , IT, Mill 

.19656+01. »3 bV:'C>+03 

.20039+0] .17016+01 
,21^63+U1 .183 33:01 
.22379+01 .19295+01 
,23287+01 .20b'»0 + 01 
.21211+01 .21069+01 
.25263+01 .23293+01 
.26327+0 3 .248.15+01 
.27162+01 .26153H01 
.26668+01 .26213:01 
.29931+01 .30114-10] 
• 3b 169 < Ln ,38324-cul 
.10131+01 ,i66riau)i 
.44897+01 .55133+01 
.4Q6V + 0] ,6>ii7?+r.i 
. 54<4 3tv«0l .73>*(i.H01 
.593>b+0l .011^6+01 
»64 346 + 01 .95966+01 
.(.9321 + 03 .10663+02 
. /4b75+0l ,122o5+02 
.80416+0] .13620+02 
.63256+01 .31662+02 
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,13171+01 
-13196+01 
,13256+01 
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.13379+01 

.13113+01 

.3 3607+01 

.13571+0 5 
,13611+01 
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.13783+0 3 
. 13567+ fjt 
.13'-) 3 3+01 
.110 3.1 + 01 
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,11176+01 
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.11630+01 
.11727+01 
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.14932+01 
.16039+01 
. 3b'4b'l+01 
.15803+01 
.16101 -; o 1 
. tCV/3+01 
. 16t,?3 + 0! 
.3 6,566 + 01 
.37,171 + 01 
•1?2K0*01 
.17^71+01 
.3 7667+01 
.17745+01 

.onono 

.46067+0.1 

.143.0 2+01 

. !,-',r<r>i i-o • 
,6r>°33+01. 
.66160+0 3 
.735 Hi 01 
.61079+01 
.6r>245'0i 
.94081i 01 
, 3 °7o7< 02 
,3 i 6Q9+U2 
.3 Potn)f(1- 

. l'l 1 67+ 02 

.3 6617 l02 

. 1.704 3 •' i.'2 

.14/, it 4+ 02 

.20497+e;: 

. 2261'M 02 

.2'+721+f>2 

.271 hi+ 02 

.£"879+02 

.3 ?>Mi 7 + 02 
, 3624 M) '■>•• 
.3°9'. 
.1120C-HJ2 
.6'» 3 16+02 
, 86cH4+(i2 
.31299+03 
. 11330 4 i; ^ 
. l'Tt/MO.' 
.2^022+03 
.26907+03 
.3P661+03 
.30172+03 
.17521+03 
,5^091+03 

>Joi,r. 

.87629+01 

.92107+01 

.9'31t»7 + 0i 

.99663+01 
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.11794 + 0«,' 

.12130*02 

.12656+0? 

.13175 + U.? 

.13*417+02 

.16018+02 

.17401+02 

.16560+02 

.20259+02 

.22127+02 
,23l7!Hü2 
,26b7l+02 
.28080+02 
.29830+02 
.32710+02 
.35870+02 
.37169+02 

.17872+01 

.17993+01 
,16071+01 
,18ini+0l 
,16291+01 
.3 8359+01 
.1*457+01 

.1BS18+01 

.16006+01 

.1868^+01 

.167*4+01 

.16797401 

.5°74 0+Ü3 

.664 34+03 

.7'« 916+13 

.86777+U3 
,941o2+03 
. 1n 7 4 1 ♦«.«u 
.1°3C6H'--; 
. I'i0o9*04 
. l*»43'»+t<4 
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PERFORMANCE 

Thrust chamber performance data was developed for use in engine opti- 

mization studies and was conducted over the following parametric range: 

(1) Thrust level - 8,000 lbf to 50,000 lbf 

(2) Nominal engine mixture ratio - 6.0:1 

(3) Engine mixture ratio operating range - 5.5:1 to 6.5:1 

(4) Nozzle overall expansion ratio - 140:1 to 500:1 

(5) Engine Chamber Pressure - 300 psia to 2500 psia 

Items (1), (2) and (3) were specified in the contract work statement.  Item (4) 

was specified to include the optimum nozzle area ratio calculated at all com- 

binations of thrust level and chamber pressure. The optimum area ratio was to 

be based on the following tradeoff factors furnished in the work statement: 

(1) Apayload/AI  = 157 lb/sec.  (2) APayload/AWeight at burnout = 3.68. 
sp 

The chamber pressure range in (5) was chosen so as to include possible design 

points for three basic engine cycles:  (J) Staged Combustion, (2) Gas Generator 

Bleed Cycle, (3) Expander Cycle. 

Figure 1 shows the 00S performance study matrix.  Delivered specific 

impulse was evaluated for each configuration over the range of area ratio;; 

from 140:1 to 500:1.  The analysis utilized the Rao minimum length nozzle con- 

figuration for all performance and weight calculations.  For a given nozzle 

length, the Rao minimum length nozzle was considered to be thrust optimum; 

although t.»s assumption ma\ not be always correct, the resultant deviation 

from an optimum contour is small.  The minimum length configuration is also 

the minimum surface area nozzle possessing a certain value for the thrust 

coefficient (C„), based on divergence loss considerations only.  Kngine 
r 

envelope limitations specified were a maximum engine stowed length of 

UJ inches and a maximum engine diameter of 87 incite;:.  The nozzle length 
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(throat to exit plane) limit was calculated to be 66 inches, leaving 16 inches 

fron gimbal point to throat.  In diameter limited cases, i.e., the optimum area 

ratio nozzle exit diameter exceeds 87 inches, it is possible that a nozzle of 

87 inches exit diameter with length greater than the Rao minimum would prove 

to be optimum, if length increases could be afforded within the 66 inch nozzle 

stored length limit. 

PERFORMANCE METHODOLOGY 

I 

r 

The performance evaluation technique for the 00S Design Study employed 
(3) 

the simplified JANNAF Performance Evaluation Methodology   which formed the 

basis for the performance predictions of this study.  The thrust chamber vacuum 

delivered specific impulse was calculated considering one-dimensional equilibrium 

(ODE) flow conditions to be the theoretical base line. All ODE calculations in 

this analysis include the effect of 0.5% by volume Argon impurity in the oxygen. 

This results in a performance degradation, compared to pure oxygen, of 1.0 to 

1.5 sec of specific impulse depending upon the chamber pressure, mixture ratio 

and area ratio. ODE performance was evaluated using the JANNAF one-dimensiona! 
(4) 

equilibrium computer program.    Delivered performance was calculated con- 

sidering that real engine performance would be decreased by the sum of nozzle 

kinetics loss, divergence loss, boundary layer loss, and energy release loss. 

These losses were calculated except for a simplification in determining 

the energy release loss (ERL), which was assumed to be one percent of ODE 

specific impulse over the engine mixture ratio operating range of 5.5:1 to 6.5:1. 

This assumption was made to speed calculation of preliminary performance values 

tor engine optimization studies. The two-zone mass weighted stream tube distri- 

bution analvsis described was utilized to refine the energy release los: analysis. 

O) Pieper, .1. L. , ICRPC Liquid Propellant Thrust Chamber Performance Eva 1 uation 
Manual, CPIA Publication No. 178, Prepared for the 1CRPC Performance 
Standardization Working Croup, 30 September 1968. 

1 '-*) ICK!'(. One-Dimensional Equilibrium Reference Program, NASA-Lewis Research 
'.enter, Cleveland, Ohio, May 1968."  "      ~   

I 
A-.'S 



ttttß^^w^^ ^^^^^^^^^^ 

The kinetic performance loss (KL) was calculated with the JANNAF One- 

Dimensional Kinetic (ODK) Computer Program  .  The kinetic performance loss 

accounts for the performance degradation due to chemical recombination lag 

during the gas expansion process.  Normal boiling point oxygen and hydrogen 

properties were used as the pre-reaction conditions in ".he kinetic loss 

calculations. 

The nozzle divergence loss (DL) is a measure of the performance which 

is lost due to non-axially directed momentum at the nozzle exit.  Since a one- 

dimensional treatment of the nozzle kinetic expansion was used in the per- 

formance analysis the divergence loss was evaluated separately from the nozzle 

kinetics loss.  ALRC's Frozen Flow Expansion Nozzle Program No. E21201 was 

used to calculate the nozzle divergence efficiency. 

The boundary layer loss (BLL) calculated for the parametric study 

accounts for three separate boundary layer mechanisms.  First, heat transfer 

and shear drag at the thrust chamber wall tends to reduce performance.  Second, 

a portion of the total heat loss is recycled since a regeneratively cooled 

nozzle is expected to be used for the 00S engine to the nozzle extension 

attach point.  Third, the effective nozzle area ratio is altered due to 

boundary layer growth; usually resulting in a small reduction in performance. 

The JANNAF Turbulent Boundary Layer Program (TBL)   was utilized to calcu- 

late the boundary layer losses as described here.  The heat recycling effect 

on engine performance was evaluated by raising the hydrogen propellant inlet 

temperature and calculating the resulting performance increase with ODE  . 

The following wall temperature distribution was assumed for the boundary 

layer analysis:  (1) injector to e = 6.0:1, 1000"F; (2) 6.0:1 to extension 

attach point, 1200°F; (3) extension attach point to nozzle exit, 2200°F. 

(5) One Dimensional Kinetic Nozzle Analysis Computer Program, ICRPG Performance 
Standardization Working Croup, AD 841201, 30 July 1968. 

(6) Turbulent Boundary Layer Nozzle Analysis Computer Program, ICRPG Performance 
Standardization Working Croup, AC 841202. 
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The three regimes represent, respectively, a regeneratively cooled slotted 

copper thrust chamber, a regeneratively cooled tube bundle nozzle, and a 

radiation cooled Columbium skirt extension.  To simplify the boundary layer 

analysis for the parametric study it was assumed that all nozzle configura- 

tions analyzed would have an attach point area ratio for the nozzle skirt 

extension of 100:1.  The error introduced by this assumption does not signi- 

ficantly affect the selection of an optimum area ratio for design purposes. 

PERFORMANCE ANALYSIS RESULTS 

I 
I 

Figures 2, 3 and A summarize the 00S Task IV performance analysis. 

Assuming a one percent energy release loss, performance was calculated for the 

mixture ratio design point of 6.0:1 and for the off-design operating points 

of 5.5:1 and 6.5:1.  These performance evaluations were used in the engine 

optimization studies for the 00S Parametric Engine Analysis.  Figures 5, 6, 

7 and 8 show delivered specific impulse plotted versus area ratio for thrust 

levels of 8,000, i:.000, 25,000 and 50,000 lbf, respectively, at the nominal 

mixture ratio of 6.0:1. 
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Thrust ?c K/Pc *t L/Rt C € r,v. 
(lbf) (lbf/in.2) (in.2) (in.) (L = 66 in.) (^ L = 66 in.) (D - (;7 in.) 

8K 300 26.7 2.09 31.58 158 • 433 
500 16.0 1.61 40.99 240 730 

1000 8.0 1.14 57.89 £.-: 1456 
• 15 CO 5.3 0.92 71.74 r-:4 2236 

15K 300 50.0 2.88 22.90 93 228 
500 30.0 2.22 29.73 143 384 

1000 15.0 1.56 42.3> 253 778 
1500 10.0 1.28 51.56 354 1155 
2500 6.0 0.98 0-.35 555 1970 

25K 300 83.3 3.7.' 17.69 62 136 
500 50.0 2,:: -, 22.90 93 228 

1000 25.0 2.02 32.67 166 464 
1500 16.7 1.66 39.76 229 687 
2500 10.0 1.28 51.56 372 1155 

50K 500 Juü.O 4. 04 16.34 60 116 
1000 50.0 2.88 22.90 93 228 
150C 33.3 2.35 28.09 131 343 
2500 20.0 1.81 36.46 198 578 

J 

I 

J 

1 

Fipurr  1.    O.O.S.  Performance Analysis  Study Matrix 
A-28 
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EFFECT OF DESIGN MIXTURE RATIO CHANGE 
ON 8K TO 25K THRUST LEVEL ENGINE PERFORMANCE 

The purpose of the COS changing mixture ratio performance evaluation 

effort was to extend the 8K to 25K parametric data to include nominal engine 

mixture ratios of 5.0:1 and 7.0:1 as requested in the Contract work statement. 

The analysis was conducted in a manner identical to that described under the 

Engine Performance Parametric Study for 8K to 50K thrust levels.  The engine 

configurations analyzed covered the same chamber pressure and area ratio range 

as shown in the Study Matrix. This analysis essentially evaluated the effects 

of new design mixture ratio conditions on engine specific impulse, nozzle con- 

figuration, and nozzle dimensions. 

As explained for the effort, nozzle contours were generated with ALRC 

computer program No. E21207, a method of characteristics, constant gamma 

expansion program.  For the new design point mixture ratios of 5.0:1 and 7.0:1, 

an analysis was conducted to determine values for the program gamma input.  It 

was determined that values of 1.26 and 1.195, for mixture ratios 5.0:1 and 

7.0:1 respectively, were representative values for a mean gamma in an equilib- 

rium 0„/H expansion to area ratios typical for the OOS Study.  The effect of 

an increasing value of gamma on Rao nozzle geometry is to increase the minimum 

length and surface area for a given expansion ratio.  This meant, in general, 

that an increase in the value for the design mixture ratio decreased nozzle 

weight and length.  Figure 1 compares normalized lengths and surface areas for 

nozzles of all three nominal mixture ratios considered in the OOS v.<sk IV and V 

performance analyses. 

After determination of nozzle configurations for nominal engine mixture 

ratios of 5.0:1 and 7.0:1, a parametric performance analysis was conducted for 

each design point.  The results of these analyses are tabulated in Figures 2 

and 3, showing delivered vacuum specific impulse for the OOS performance study 

matrix.  Figures 4, 5 and 6 show delivered specific impulse plotted versus 
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area ratio for thrust levels of 8,000, 15,000, and 25,000 lbf, respectively, 

for a nominal mixture ratio of 5.0:1.  Figures 7, 8, and 9 are similar plots 

for a nominal mixture ratio of 7.0:1.  The energy release loss for the Task V 

performance analysis was assumed to be one percent of one dimensional equilib- 

rium performance.  It is expected that a more refined analysis will show 

energy release loss increasing with an increasing nominal mixture ratio.  As 

explained in the Performance Evaluation, a two stream tube analysis will be 

utilized in the study to more effectively predict energy release loss.  Since 

the nozzle area ratio is expected to have a second-order effect on energy 

release loss, the preliminary assumption of one percent energy release loss 

will not affect appreciably the 00S area ratio optimization values.  In the 

performance analyses the refined energy release loss calculation will affect 

primarily the predicted values of delivered syecific impulse. 

[ 

I 
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Figure 1 

00b NOZZLE GEOMETRY FOR DESIGN MIXTURE 

RATIOS OF 5, 6, 7 

For.iral Overall Are«t Ratio 

Mixture' 
Rat io 

140 180 240 350 400 450 500 

5.0   (R/Ry) 11.83 13.42 15.49 18.71 20.00 21.21 22.36 

(L/RT)c 32.0 37.5 44.8 56.1 60.9 65.2 69.7 

(SA/RT
2)e 1633 2166 2989 4540 5250 6000 6740 

6.0 (R/RT)e 11.83 13.42 15.49 18.71 20.00 21.21 22.36 

(L/RT)e 29.5 34.4 41.0 51.2 55.3 59.4 63.2 

(SA/R„2) ■ 1508 1994 2741 4150 4800 5450 6190 

7.0   (R/R.r)e 

(L/RT)e 

(SA/fcj. )e   1435    1 

11.83 13.42 15.49 18.71 20.00 21.21 22.36 

28.0 32.6 38.7 48.0 52.0 55.6 59.0 

1435 1894 2596 3860 4460 5080 5680 

(R/R_)   — exit radius normalized to throat radius 

a/Ve — nozzle length (throat to exit) normalized to throat radius 

(SA/RT )p total nozzle surface area normalized to the square cf the 
throat radius 
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INTERIM JANNAF METHODS TCA PERFORMANCE PREDICTION 

The OOS performance analyses have been revised in accordance with the 

performance methodology outlined for the Space Shuttle Main Engine Proposal. 

The new methodology caused a small change in the one-dimensional equilibrium 

performance theoretical baseline for OOS performance predictions. The major 

change involved in the performance revision was the effect of new HO. system 

reaction rate constants on the kinetic loss calculation. Figure enclosed 

lists the four dissociation recombination reactions and four binary exchange 

reactions, alonj» with their respective rate constants, which were considered 

in the kinetic loss calculations. Shown are the rates used in previous cal- 

culations and those recommended for use on the SSME Proposal. Argon is the 

"third body" for the dissociation recombination reactions shown in the figure 

enclosed. This figure is a tabulation of the third body efficiencies relative 

to Argon for all other species considered.  It can be seen that a major change 

in the updated kinetic loss calculation was the determination of the effect 

a particular third body has on a given dissociation recombination reaction 

rate. 

I 
RESULTS AND DISCUSSION 

The slight increase in the one-dime sional equilibrium performance 

baseline for the OOS studies resulted from changes in propellant enthalpies 

and oxidizcr composition.  See Reference (b) for an exact breakdown on pro- 

pellant properties. Theoretical performance was increased from 0.2 to 0.3 

lbf-sec/lbm at all mixture ratios. 

I 
I 
I 
I 

The effect of the new kinetic reaction rates was to reduce the kinetics 

loss from 30 to 60 percent of the initial calculation, depending on the mix- 

ture ratio, chamber pressure, and thrust level. The reduced kinetics losses 

resulted in increased delivered vacuum performance at all combinations of 

thrust and chamber pressure.  The effect of performance of the new kinetic 
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loss calculation was greatest at mixture ratio seven. An example case is shown 

below to explain the performance gain versus mixture ratio trend caused by 

revising the kinetics loss. 

Thrust = 25, 000 lbf P  = 
c 

AKL (old) 

1500 psia     Area 

AKL (new) 

Ratio = 450 

Mixture Ratio (lbf-sec/lbm) (lbf-sec/lbm) Change 

5 1.5 0.7 -0.8 

6 3.0 1.5 -1.5 

7 6.4 3.1 -3.3 

After revision of theoretical performance and kinetics losses for all 

cases, new values of delivered vacuum impulse were calculated. The technique 

used was similar to that described in Reference (a) for the original analyses. 

Enclosure (3) through (12) are plots of revised specific impulse versus area 

ratio for all combinations of mixture, ratio, thrust level, and chamber 

pressure. 
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Enclosure  (1) 

REFERENCE REACTION SET FOR 02/H2 SYSTEM 

Rate 

Reaction Old New 

H + OH + Ar-»-H20 + Ar 1.0 x 10     T 7.5 x 1023 T-2-6 

H + H + Ar-^-H2 + Ar 7.5 x 10      T 2.0 x 1018 T-°-966 

0 + 0 + Ar—*>~0? + Ar 1.9  x 10      T 1.2 x !017 I"1"0 

it + 0 + Ar-^-Oit + AR 2.0 x 1018 T-1-0 4.0 x 10      T 

t 
tt    + Oh 

Oil + Oil 

"2o + d 

ri20 + 0 

6.0 x  1011  exp [-5.0/RT] 2.19 x 10l3 exp [-5.15/RT] 

1.0666 x  1013 exp [-0.96671/RTJ    5.75 x  1012 exp [-0.78/RT] 

ri + OH «2+0 1.4 x  1012 exp [-5.19/RT] 7.33 x  1012  exp  [-7.3/RT] 

Oa + 0 »-  0»   I  n 3.2  x  1011  T-°-A7 1.3 x 10 
13 

UNITS; Recomhination R.ite 6.     ,   2 cm /raolc -see 

Bin try Exchange hate 
3 

cra^/mole  -sec 

Temp,   T 
o 

K 

RT Kcal/i.iole 

I 
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Enclosed is the final report summarizing the heat transfer 

analytical support given to Task IV and Task V of the 00S program.  This 
effort involved an extensive parametric study with engine thrust, chamber 
pressure, mixture ratio, and engine cycles. A radiation-cooled nozzle 
extension, a tube-bundle nozzle extension, and a copper nozzle were the 
components investigated in the study.  This report covers analyses con- 
ducted from March 9, 1971 through May 7, 1971. 
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NOMENCLATURE 

A ~ flow area 

C 
P 

= heat capacity 

d = diameter 

h = heat transfer coefficient 

k = thermal conductivity 

Nu = Nusselts Number, hd/k 

Pr = Prandtl number, C/Vk 

T = Temperature 

WT 
= total propellant flow 

/° = density 

H = viscosity 

ir = kinematic viscosity 

Subscript 

b = bulk 

f = film 

w ~ wall 
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I     INTRODUCTION 

The Orbit-to-Orbit Shuttle (OOS) contract is a throttleable, 

L02/LH2 engine study program involving a "rubber" engine with varying thrust 

(F), varying chamber pressures (P ), a F/P range of 10 to 40, and varying 

combustion mixture ratios (MR).  Engine cycle variation is another important 

variable, i.e., staged-combustion cycle, bleed cycle, expander cycle, and 

gas-generator cycle.  These variables were investigated to determine the 

effects upon the heat transfer parameters of the engine. 

Task IV and Task V heat transfer studies can be divided into three 

major categories, (1) radiation-cooled nozzle extension, (2) tube-bundle 

nozzle extension, and (3) copper nozzle thrust chamber.  The purpose of 

this report is to summarize and document the heat transfer analysis in 

support of these tasks. 

II RADIATION-COOLED NOZZLE EXTENSION 

I, 

A.    INTRODUCTION AND ASSUMPTIONS 

A parametric study was conducted to determine the radiation- 

cooled nozzle extension wall temperatures for thrust to chamber pressure 

ratio (F/P ) varying from 10 to 50.  Wall temperatures were calculated 

for area ratios from 60 to 500 with no film cooling. 

The LOj/LH- combustion gas transport properties for a mixture 

ratio (MR) of 6.0 were used for P = 500, 1000, 1500, and 2500 psia for a 

2ÜK thrust engine or for F/P of 10 to 50.  The wall material was assumed 

to have an emissivitv of 0.85 both on the interior and exterior surfaces. 

!i-7 
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The exterior surface was assumed to radiate to space with a view factor 

of 1.0 while the interior surface was assumed to radiate out the nozzle 

exit at the 500:1 area ratio; the corresponding calculated interior view 

factor is shown in Figure (1). The 500:1 area ratio nozzle contour used for 

this study is reported in Ref. 1. 

B.   RESULTS AND CONCLUSIONS 

The results of this study are shown in Figure (2) where a 

plot of wall temperatures versus area ratio for varying P is shown.  This 

figure may be used to determine the area ratio at which the radiation-cooled 

extension may be utilized.  For example, refractory metals are limited 

to a maximum design temperature of approximately 2200 F which limits the 

design to a minimum area ratio of approximately 225:1 at P = 500 psia or 

475:1 for P = 2500 psia. On the other hand, material such as AGCarb-101 
c 

has higher allowable design temperatures which permits the radiation-cooled 

extension to begin at lower area ratios, e.g., approximately 40:1 at 

P = 500 psia and 190:1 at P = 2500 psia. If gas-side film cooling were to 

be applied, lower wall temperature will result allowing designs to lower 

area ratios. 

The wall temperature curves in Figure (2), therefore, allows 

the selection of the transition area ratio (without film cooling) at which 

radiation-cooled nozzle extension may begin for most material design tempera- 

tures. 

!!!    Tl'HF-Hl'VV.F. NOZZLE KXfENSION 

The Lube-bundle nozzle extension parameter study was again a preliminary 

<:•'.:   to (lit ermine the following three items:  (I) the coolant outlet 

-2- 
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1 

.Toa ratio, i.e., the copper-nozzle to tube-bundle transition point, 

(2) the coolant inlet area ratio, and (3) the coolant bulk temperature rise 

and pressure drop through the tube-bundle. The following paragraphs discusses 

the assumption and the results of these three items. 

A.   TUBE-BUNDLE COOLANT OUTLET STUDY 

The purpose of this parametric study was to generate results 

which can be used as a guide in selecting the copper-nozzle to tube-bundle 

transition area ratio; the design parameter would be the gas-side wall 

temperature of the tube. 

I 

1.    Analytical Approach 

The hot-gas-side parameters covered a range of F/P 

of 16.7 to 83.3, i.e., Pc = 300, 500, 1000, 1500 psia at the 25K thrust 

levels all at MR = 6.0.  A coolant outlet temperature (250 R) and pressure 

(2200 psia) were estimated based upon previous calculations conducted for the 

00S proposal.  The parametric study involved a point study at five area 

ratios (6, 8, 10, 14 and 20), and for varying coolant outlet velocities achieved 

by varying the number of 0.015-in. wall, 0.250-in. dia. tubes.  The results 

of this study is shown in Figure (3). 

2. Results 

The gas-side tube wall temperatures (TWG) versus coolant 

outlet velocity for various area ratios are shown in- Figure (3) with P cross- 

plots.  As anticipated, the lower area ratios require higher coolant velocities 

and lower P to maintain constant wall temperatures. For example, for a 1500 F 

va!! temperature, a coolant velocity of approximately 35 ft/sec is required 

-3- 
B 9 
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f\  r  area ratio of 20:1 (P = 350 psia), but a velocity of 85 ft/sec is 

required at 6:1 (P = 500 psia). This figure may be used as a guide in 

selecting the transition area ratio between the tube bundle and the copper 

nozr.le, Lor a constant P or constant T .  Increasing coolant velocities 
c wg 

results in increasing pressure drop, therefore, it is desireable to minimize 

outlet velocities. 

B.   TUBE-BUNDLE COOLANT INLET STUDY 

This study was very similar to the previous tube-bundle coolant 

outlet parametric study.  The purpose here was to determine the coolant inlet 

area ratio since cooling with cold hydrogen (50 to 60 R) is more difficult 

than heated hydrogen (150 - 250 R) primarily due to the difference in 

transport properties. 

1.    Analytical Approach 

The same hot gas-side parameters as the coolant outlet 

studies were used. The coolant-side inlet bulk temperatures and pressures 

were varied with P as follows: c 

P psia 

T7N'  R 

PIN, psia 

300 500 1000 1500 2500 

54 68 85 100 140 

700 1180 2300 3500 5900 

The coolant inlet temperatures increase with increasing inlet pressure due 

to the energy input by the pump, assuming a pump efficiency of 50 percent. 

The analytical procedure was to make a point study of varying area ratios 

and coolant velocities using the above coolant inlet parameters. 

-4- 
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2. Results 

! 

I 

Figure (4) is a summary of the tube-bundle coolant inlet 

study showing the gas-side tube wall temperatures versus coolant velocity 

for varying area ratios.  Those curves may be used as a guide to select the 

coolant inlet area ratio for the tube bundle. 

C.   TUBE-BUNDLE COOLANT BULK TEMPERATURE RISE AND PRESSURE DROPS 

t 

A preliminary tube-bundle nozzle extension parameter study was 

conducted to determine the coolant bulk temperature rise and pressure drop; 

these results are preliminary because the design of this component is not 

yet finalized.  The primary purpose of this analysis was to obtain coolant 

bulk temperatures and pressures to be used as an inlet parameter for the sub- 

sequent copper nozzle study.  The tube bundle consisted of a two-pass system 

with an exit area ratio of 225:1. 

A F/P range of 10 to 50 was investigated and the following 

is a summary of the analysis. 

F/P 10 16.7 25 50 

MR 6.0 6.0 6.0 6.0 

TIN, R 140 100 85 68 

PIN' psia 
5900 3500 2300 1180 

Inlet & Exit A 
c /\ 6.5 5.5 6.0 6.5 

AT 89 132 169 254 

AP 77 71 68 60 

I •5- 

i;-ii 



TCER 9641:0116 

IV    COPPER NOZZLE 

The parametric study of the copper nozzle section was the major 

task of this 00S heat transfer analysis.  Every parameter that would affect 

the various engine cycles was included in this extensive effort.  The 

following is a detailed discussion of the analytical approach and the 

results. 

Initially the study was conducted at MR = 6.0 for an 8-in. chamber 

length, i.e., distance from injector face to throat.  An additional study 

was subsequently made to determine, (1) the effect of increased chamber 

length on coolant pressure drop and temperature rise and (2) the effect of 

mixture ratio (MR = 5.0 and 7.0). 

A.   COPPER NOZZLE, 8-IN. CHAMBER, MR = 6.0 

1.    Analytical Approach 

a. Nozzle Geometry 

Three Zirconium-copper nozzle contours were 

assumed to obtain three chamber pressures (P ) at each of three thrust levels 

analyzed (F = 8, 14.15 and 25K).  The contours *r:d coolant channel widths 

versus axial distance were held constant at each thrust level as shown in 

Figure (5); the number of channels were varied for each contour to maintain 

the channel width shown.  However, the channel heights were varied with each 

thrust and P variations to achieve throat Mach numbers of approximately 

0.5; a typical channel height profile is also shown in Enclosure (5). 

b. Gas-Side 

The gas-side heat  transfer coefficient  used was 

i 
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I 
a modified form of the simplified Eartz (Ref. 2) correlation as follows: 

*h  = 0.026   „0.2 
8 d 

0.2 

„ 0.6 

f  L_ 

W„ 
0.8 

A nomenclature description is included at the conclusion of this report. 

In the expansion region of the nozzle the gas-side coefficient included 

a two-dimensional axisymmetric flow correction. 

c.   Coolant-Side 

\ 

The following Hess and Kunz (Ref. 3) heat 

transfer correlation was used for the LH~ coolant. 

*Nuf ~    0.0208 

0.8 
fVb d 

Pi Pr, 
0.4 

(1 + 0.01457^/^, ) 
W   D 

The constant of the coefficient (0.208) in the above correlation was reduced 

to 0.0177 for the straight tube section; 0.0208 was used in the throat region 

only, to account for increased cooling due to the throat curvature. 

For each thrust and P , three coolant inlet total c 

pressure to P ratios (P. /P ) were investigated. These were P. /P = 2.5, 

2.1 and 1.8 representing approximately the following engine cycles respectively, 

the expander cycle, the staged-combustion cycle, and the bleed cycle. Each 

P /P ratio required different copper nozzle coolant inlet temperature and 

pressures, and these inlet parameters all included the i^T and AP of the tube 

bundle. The coolant inlet parameters for the copper nozzle at MR = 6.0 are 

y,i :■<■•;   i n   Fi f,ure   (6). 

'><■*-  Somenc lature  at   beginning of   report. 
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d.   Parametric Study at MR = 6.0 J 
At each of the three thrust levels, (F = 8K, 14.15K, 

and 25K) three P levels were studied for each of the three P-n/P ratios.  At 

each P , channel height was varied uniformly along the nozzle to achieve three 

throat Mach numbers around 0.5.  Thermal-cycle life, AT , and gas-side 

wall temperatures (T ) at the throat with coolant pressure drop   ( £, P) and wg 

temperature rise ( AT) are the primary parameters of interests. The results 

of these studies and the interrelationships of these parameters are discussed 

in the following paragraphs. 

(1) 8K Thrust 

The effect of coolant velocity or throat 

Mach number on AT , T , and AP for varying P. /P ratios at P = w  wg '  ° in c c 

275, 485, and 850 psia are shown in Figure (7).  The A T and T  are quite 
w     wg 

insensitive to Mach numbers, between 0.36 and 0.54.  The coolant pressure 

drops are affected especially at the higher P levels.  For example, at P. /P 

ratio of 2.1, the A P at Mach no. of 0.5 is predicted to be approximately 

800 psi while at 0.4 it is 500 psi. 

-I - 

A cross plot of Figure (7) is shown in 

Figure (8) where the effects of P (300 to 1200 psia) are shown for the same 

parameters.  All parameters increase with increasing P .  These curves indicate 

that for a constant P and a constant Mach number, AT increased with de- c w 

creasing  P.   /P    ratio while at  the  same  time  the P decreases with decreasing &    an    c f 

P.   /P    ratio.     For P.   I?    ratio of  2.1  and Mach no.   of 0.5,   the   AT    increase :n    c in    c w 

from  500  to °C0 as  P    increases  from 275  to  1100 psia.     For  the  same condition 

the-     AP  increases   from  250  to   1175 psi. 

-8- 
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(2)     14.15K Thrust 

The  AT and T  vs. Mach number are w     wg 

shown in Figure (9) while AP vs Mach number is shown in Figure (10).  A 

cross plot of  AT , T  , TD out and  AP vs P  (500 to 1500 psia) are shown 
W   Wg    D C 

in Figure (11).  All parameters are higher than at the 8K level.  For example, 

at P. /P ratio of 2.1 and Mach number of 0.5, AT increases from 575 to 950 
in c w 

as P increases from 450 to 1600 psia.  Pressure drop increases substantially 

from 400 to 1400 over the same P range. 

(3) 25K Thrust 

\ 

The effects of Mach number are shown in 

Figures (12) and (13) for the 25K thrust studies. The cross-plot, shown 

in Figure (14) covers a P range of 850 to 2600 psia. At this thrust and 

P levels the thermal parameters are affected quite substantially.  For 

example, the. AT at Mach number of 0.5 at P. /P ratio of 2.1, increases r     ' w in c ' 

from 650 to 1050 as P increases from 850 to 2500 psia.  The  A P at these c 

same conditions increases from 800 to 2500 psi.  However, the AP is greatly 

affected by the Mach number, e.g., the AP at Mach number of 0.4 is 1500 psi 

at P = 2500 psia. 
c 

The Effect of Chamber Length on Pressure Drop 
and Temperature Rise 

1/ 

All the previous results were based upon a chamber 

length of 8 in. (injector face to throat).  It may be desireable to increase 

the chamber length, the cylindrical section, to increase the coolant bulk 

temperature rise, however, a. corresponding increase in AP would occur.  In 

*.!ii s study, the coolant, channel height is assumed constant. 

-9- 
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Figure (15) represents the effect of chamber length 

upon coolant pressure drop per inch of chamber length (AP/in.).  Pressure 

drop is apparently independent of thrust but is affected by P , throat 

Mach number, and engine cycle, i.e., P /(P. /P ) ratios of 2.5, 2.1, and 1.8. 
c  in c 

Enclosure (16) is a curve of  AT per inch ( /IT/in. ) of chamber length for 

varying P for the three thrust levels, 8K, 14.15K and 25K, all for MR ^ 6.0. 

At the 25K thrust level the ZiT/in. increases from approximately 10 F/in. 

at P = 500 psia to 20 F/in. at P = 2500 psia.  These results indicate 

that the AT/in. is just a function of thrust and chamber pressure because 

the Mach number is assumed constant. 

f.     Mixture Ratio Parameter Study 

Since all the previous studies were conducted for 

MR = 6.0, Task V was to determine the effects on these, studies at MR of 

5.0 and 7.0.  Figure (17) presents the MR effects at a constant Mach number 

in terms of percent change of AT , T , AP/in, AT/in., and AP versus 

MR and these results may be applied for the three thrust levels investigated. 

The AT increases approximately 3 percent at MR - 5.0 

and decreases 5 percent at MR = 7.0. The coolant pressure drop and the coolant 

pressure drop per inch of chamber length, AP/in., had the same trend.  How- 

ever the gas-side wall temperature and the coolant bulk temperature rise per 

inch of chamber length both decreased at MR = 5.0 and 7.0.  These changes 

are primarily due to the changes in coolant flow which affect the coolant 

bulk temperatures and velocities. 

V     CONCLUDTNO Rr MARKS . 

These eleven Figures (7 thru 17) may be used as a guide to the OOS 

j 

I 
1 
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engine design study. All the necessary thermal parameters involved in such 

a study may be obtained from these curves.  It must be remembered that these 

are used only as a guide since no final nozzle coolant channel configuration 

was ever selected.  A more detailed design study will be conducted in the 

following Task I of the 00S study program. 

f 

\ 

I -11- 
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OOS PARAMETER STUDY 

COPPER NOZZLE COOLANT 

LH? INLET PARAMETERS 

MR = 6.0 

THRUST, LB 

Chamber 
Press. 

8000 14, 150 25,000 

p /p 
IN' c 

T 
IN 

R 

PIN T IN PIN T 
IN FIN 

2.5 275 229° 658 psia 220°R 617 psia 210 522 psia 

485 234 1190 224 1159 216 1088 

850 242 2108 233 2085 225 2031 

1500 263 3737 255 3720 247 3679 

2650 290 6615 282 6602 275 6572 

2.1 275 223 548 214 507 204 412 

485 226 996 216 965 208 894 

850 235 1768 226 1745 218 1691 

15C0 248 3137 240 3120 232 3079 

2650 275 5555 267 5542 260 5512 

1.8 275 218 465 209 424 799 329 

485 221 850 211 820 203 768 

850 227 1513 218 1490 210 1436 

1500 227 1513 218 1490 210 1^36 

2650 268 4760 260 4747 253 4717 

IJ -24 
Figure  '» 
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I INTRODUCTION 

This is the final report summarizing all the heat transfer analysis 

conducted in support of the Task I and Task II of the Orbit-to-Orbit 

Shuttle (00S) engine study contract. This report is written in the order 

the analytical work was conducted and no attempt to differentiate the ana- 

lytical work into Tasks will be made. The analytical results in this 

report have all been previously forwarded to and discussed with the 00S 

project engineers and the emphasis of this report will, therefore, be on the 

analytical approach and the presentation of the analytical results with a 

minimum of discussion of these results. 

This report discusses the following major topics in the order listed: 

(1) miscellaneous analytical support, (2) preburner chamber, (3) main 

injector vanes, (4) nozzle extension, and (5) copper aozzle. 

II MISCELLANEOUS ANALYTICAL SUPPORT 

This section of the report includes heat transfer analysis that does 

not fall under the other four categories previously mer-.tioned; however, it 

does not imply that these results are of less importance.  Included in the 

discussion is, (I) a 50K-thrust engine parameter study, (2) an analysis of 

thermal radiation to the vehicle base, and (3) a preburner to turbine-manifold 

flange interface study. 

A.   50K Thrust Parameter Study 

A parameter study similar to that preeent«d in Task IV (Ref. I) 

was conducted for the 50,000 !b thrust level.  The analytical approach and 

-!- 
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i II    Miscellaneous Analytical Support  (cont.) 

assumptions were identical to that discussed in Ref. 1.  The results are 

shown in Figures 1 and 2.  Throat AT (T  - T,  , ), throat gas-side wall 
w  wg   back        ° 

temperature (T ), and coolant pressure drop for varying throat Mach number 
wg 

is shown in Figure 1.  The effect of chamber pressure (P ) on these thermal 

parameters are shown in Figure 2.  These results were used as an extension 

of the Task IV data package and was completed on 15 June 1971. 

B.  Thermal Radiation to Vehicle Base 

t 

In considering a radiation-cooled nozzle extension as a design 

candidate, there was some concern as to the heat transfer rate from this 

nozzle extension to the vehicle base. An analysis was conducted to determine 

this heat transfer rate.  The following assumptions were made for the analysis 

Vehicle: 

Base Radius 

Axial Position 

900 in. 

20 in. above throat 

Engine: 

Thrust 

Chamber Pressure 

Mixture Ratio (L02/LH2) 

Skirt Emissivity 

25,000 lb 

1800 psia 

6.0 

0.85 

Contours  for both the  270:1  and 450:1  area  ratio nozzles were  investigated. 

The CONFAC  II   (Ref.   2) computer program was used to calculate  the  view factors 

• ?- 
L. L\ 



TCER 9641:024 

II    Miscellaneous Analytical Support (cont.) 

from the nozzle extension's exterior surface to the vehicle base.  Utilizing 

the radiation-cooled nozzle extension temperatures reported in Ref. 1, the 

total heat transfer rate to the vehicle base was calculated and plotted in 

Figure 3.  This figure represents the total heat transfer rate to the vehicle 

base versus area ratio, i.e., the longer the radia'.ion-cooled section the 

greater the total heat load.  For example, if the 450:1 nozzle extension were to 

extend from area ratio of 50:1 to the nozzle exit, the maximum heat transfer 

would occur, i.e., 14 Btu/sec.  Area ratios less than 50:1 were not considered 

since radiation-cooled extensions begin at much larger area ratios.  The heat 

transfer rates shown were forwarded to the project engineer on 21 May 1971. 

C.   Preburner to Turbine Manifold 

A two-dimensional steady-state analysis of the preburner to 

turbine manifold flange interface was conducted to provide the Stress Depart- 

ment with a temperature profile.  Both interfacing parts were made of steel 

with no thermal contact resistance assumed.  The hot gas-side temperature was 

assumed to be 1400 F with a stagnant-gas boundary along the turbine manifold 

wall.  The results of the analysis is shown in Tigure 4.  The preburner re- 

mained cold (-260 F) while the turbine manifold temperature averaged approxi- 

mately 500 F.  This analysis was complete on 30 July 1971. 

Ill    FKEBURiNER 

A.   Introduction 

Heat transfer analysis of the preburuer was conducted to design 

3- 
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III   Preburner (cont.) 

an oxidizer (L0-) cooled cylindrical chamber.  There were two primary design 

criteria, (1) to minimize the wall temperatures, and (2) to preheat the 

oxidizer to insure gas-phase outlet condition under all operating conditions. 

The following assumptions were made for the 25K thrust engine 

preburner study: 

Hot-Gas Side 

t 

Chamber Diameter (I.D.) 

Mixture Ratio (L0-/LH-) 

Temperature 

Flowrate 

3.0 in. 

0.87 

1900 °R 

14.36 lb/ sec 

Coolant Side 

Coolant 

Flowrate 

Inlet Pressure 

Inlet Temperature 

LO. 

6.7 lb/sec 

3252 psia 

209 °R 

Tubes 

Material 

Wall Thickness 

347 Stainless 

0.015 in. 

I 

Other  thrust  levels  (15K,   10K,   7.5K and  5K) were a1 so  investigated.     The 

analysis was conducted utilizing the  heat exchanger program which  includes 

two-phase  flow heat  transfer  (Ref.   3). 

-4- 
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III   Preburner (cont.) 

B.  Results 

Preliminary analytical results indicated that 79 tubes, 1/8-in. 

O.D. was the right number of tubes and tube size to satisfy the design criteria. 

The predicted wall temperatures and coolant bulk temperatures versus preburner 

lengths for varying thrust levels are shown in Figures 5 and 6, respectively. 

The preburner length required to insure 0~ gas outlet conditions at the 5K 

thrust level was too long i.e., approximately 16 in. or more.  A decision was 

then made to keep the same number of tubes but to utilize a U-tube design to 

reduce the coolant flow area. 

The effect of reducing the coolant flow area (in 25 percent 

increments) on the coolant bulk temperature is shown in Figure 7.  As ex- 

pected this figure indicated that 25 percent of the 1/8-in. O.D. tube flow 

area predicted the minimum length required (6.0 in.) at 5K for 0? gas condi- 

tions.  This flow area U-Lube configuration was selected as the nominal 

preburner design.  The predicted wall temperatures and coolant bulk temperatures 

are shown in Figures 8 and 9 for varying thrust. 

The effect of this nominal design on the 0^ density for varying 

length at varying thrust levels is shown in Figure 10.  This figure clearly 

illustrates  the length requ-red (6.0 in. or more) to maintain 0- outlet 

conditions away from the two-phase region, i.e., under the two-phase dome, 

for varying thrust conditions. 

-5- 
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IV MAIN INJECTOR VANE 

A.   Introduction 

The main injector vanes are cooled by LO- which is injected at 

the vane tips which combusts with the fuel rich turbine exhaust gases in the 

main combustion chamber. Analysis of the vanes were conducted to determine 

the wall temperatures and the L0- bulk temperature.  Like the preburner the 

L0- coolant is to be injected in the gas phase for optimum engine perfor- 

mance and combustion stability at all thrust levels.  One important variable 

is, therefore, the vane length. 

The following are the hot gas side assumptions used in the 

analysis of the 25K thrust engine vanes. 

t Gas Side 

Plow Area 7.3 in2 

Mixture Ratio (L02/LH2) 0.87 

Temperature 1856 °R 

Flowrate 14.56  lb/sec 

The vanes are Made of OHFC copper with coolant channels somewhat elliptical 

and the walls approximately 0.050-in. thick. All analysis was conducted with 

the heat exchanger computer program. 

B.       Results 

I 

Analysis was conducted at  varying engine   thrust  levels  for a 

r:xture  ratio of  6.0 and the  following tabulation is a  summary of  the  pre- 

•ii: ~tr<i  heal   tr.in::fe-r  parameters. 

-6- 
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MAIN INJECTOR VANE 

HEAT TRANSFER SUMMARY 

Thrust, lb. 25K 15K 10K 7.5K 5K 

L02 Flowrate, lb/sec 

LO. Inlet Pressure, psia 

LOy  Inlet Temperature,  R 

*Gas-Side Wall Temperature, R 

*Coolant-Side Wall Temperature,  R 

*Coolant Bulk Temperature, R 

♦Coolant Pressure, psia 

39.3 23.9 16.3 12.4 8.4 

2392 1344 877 675 426 

209 191 183 180 176 

1550 1240 1100 1000 910 

1480 1209 1080 985 900 1 

422 322 296 304 282 

2260 1300 858 645 
1 

420 

* Approximately 2.7 in. from the LO- inlet 

The effect of vane length on the density of LO, for the varying 

thrust levels are shown in Figure 11. This figure indicates that a copper 

vane approximately 3-in. long would insure a gas phase injection of the 

oxygen for all thrust levels. 

V     NOZZLE EXTENSION 

The hydrogen-cooled nozzle extension consists of a tube bundle 

attached to the copper nozzle at 6:1 area ratio and extends to the nozzle 

exit at approximately 280:1 area ratio.  The circular Cubes are of 347 

stainless steel with 0.015-in. wall thickness. The primary tube bundle 

design consists of 3 two-pass, 190 tube configuration at Ac/A. - *>• bi- 

furcated M  A. A   30 to 380 tubes and bifurcated again at A~/A - 125 to 

"-C tubes. 

-7- 
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V     Nozzle Extension  (cont.) 

Heat transfer analysis was conducted to determine the thermal 

parameters of this extension and the following tabulation is a summary 

of this analysis for the 25K thrust level. 

25K THRUST ENGINE NOZZLE EXTENSION 

HEAT TRANSFER SUMMARY 

Coolant 

Coolant Inlet Pressure, psia 

o 
Coolant Inlet Temperature  R 

Chamber Pressure, psia 

Chamber Mixture Ratio 

Hot Gas Flowrate, lb/sec 

Total Number of Tubes 

Tube Material 

Tube Wall Thickness 

Maximum Gas-Side Wall Temperature 

Hydrogen 

4150 

101 

1800 

6.0 

53.6 

190/380/760 

347 Stainless 

0.015 in. 

760 °F 

Maximum Coolant Side Wall Temperature  350 F 

Maximum Coolant Velocity 

Coolant Pressure Drop 

Coolant Bulk Temperature Rise 

900 ft/sec 

100 psi 

260 °F 

VI COPPER NOZZLE 

A.   Introduction 

The copper nozzle section is the engines main combustion chamber. 

!? h*s a conical convergence section, a throat diameter of 1.51 in. anf4 extends 

'•< irr.i i.i'ii» 6:1.  The hydrogen coolant flows in one pass from the nozzle 

-8- 
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VI    Copper Nozzle (cont.) 

extension at A/A =6:1 up through the throat to the vaned injectors.  A 

preliminary parametric study was conducted to determine the nominal coolant 

channel geometry shown in Figure 11.  It consists of 121 channels with the 

channel width and height varied as shown.  The minimum height is at the throat 

(0.071 in.) where the channel and land width are both 0.040 in. 

An extensive study was conducted for the copper nozzle to 

investigate the effects of varying parameters on the nozzle gas-side wall 

temperature (T ),  AT (T  - T  , ), coolant pressure drop and coolant 
Wg        W    Wg     D3CK 

temperature rise.  One of the most critical parameter is T  and ^T which 
wg        w 

determines the fatigue cycle life.  The copper nozzle was analyzed under 

these following variables; (1) throttling 10:1, (2) coolant bypass, (3) 5.5 

and 6.5 mixture ratio, (4) 5.0 and 7.0 mixture ratio, and (5) boundary-layer 

control.  The following paragraphs discusses the effect of these variables 

on the copper nozzle design for a thrust-chamber design that extends to an 

area ratio of 280:1. 

B.  Throttling 10:1 

Analysis of throttling the engine down to the 10:1 thrust level 

indicated that the critical thermal parameters such as the gas-side wall 

temperature and AT both decreased at throttled conditions.  These studies 

concluded that the copper nozzle designed for a 25K thrust engine will operate 

at the lower thrust levels without heat transfer problems. 

-■»• 
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VI Copper Nozzle (cont.) 

Coolant pressure drop is an important parameter which 

affects the engine balance and is particularly sensitive at the throttled 

conditions. A parameter study was conducted to show the effects of varying 

coolant inlet pressures on the coolant pressure drop at 25K, 5K and 2.5K 

thrust levels. The resulting coolant pressure drop ( A P) and temperature 

rise ( T ) is shown in Figure 13; these AP and  üTD values include the 
D D 

nozzle extension.  This figure is to be used to conduct engine balance 

studies. 

C.  Coolant Bypass 

[ 
A study was made to determine if an increase in fatigue life 

cycle could be gained by taking portions of the coolant flow and bypassing 

the copper nozzle without changing the coolant channel geometry.  The results 

of this study is shown in Figure 14. 

The throat T  and  AT with coolant  A T_ and  üP are shown 
wg       w B 

as a function of percent of nominal (7.55 lb/sec) coolant flow bypassed.  The 

parameters governing fatigue life cycle (T  and AT ) increases with in- 
wg      w 

creased bypass flow.  Smaller coolant channels may be designed to satisfy 

the T  and - T requirements but would result in increased  Ap due to 
wg      w  ^ 

reduced hydraulic diameters.  The conclusion of this study is that for a 

fixed nozzle design, bypassing the coolant flow does not increase life cycle. 

D.  Off-Engine Mixture Ratio 

It was necessary to determine the effects of off-engine mixture 

io (MR) conditions for the nominal copper nozzle design from the heat 

-10- 

i— — —  



TCER 9641:024 

VI    Copper Nozzle (cont. ) 

transfer standpoint.  Off engine MR is defined as nominal design MR (6.0) + 

0.5 or at MR = 5.5 and 6.5.  This study was conducted at the 25K thrust 

level, P = 1800 psia, and with a fixed coolant channel geometry.  The effect 

of the MR is shown in Figure 15.  The gas-side wall temperature, (T ), A T , 
wg     w 

coolant b'jJk 'temperature rise and pressure drop are shown versus mixture 

ratio.  The T  and  &T both increase (approximately 10 to 30°F) at the 
wg       w 

off MR conditions while the coolant temperature rise and pressure drop both 

decrease slightly. 

E.  Engine Mixture Ratio of 5.0 and 7.0 

Another question to be answered was to determine what happens 

to the thermal parameters at an engine mixture ratio of 5.0 and 7.0.  This 

study involves the copper nozzle with the channel geometry as a variable 

and was made at the 25K thrust level with P = 1800 psia.  The coolant 
c 

channel was uniformly varied at each MR and the resulting thermal parameters 

is shown in Figure 16.  This figure includes T , &T and coolant pressure 
wg    w 

drop ( -iP) versus Mach number for MR = 5.0, 6.0 and 7.0.  As anticipated 

the T  and "T decreases with increasing throat Mach no. while at the 
«g       w ö 

same time the AP increases.  However at any constant Mach no. the T  and wg 

ii  T    both  increases at MR = 5.0 and 7.0 as compared to hR = 6.0. 
w 

The effect of these thermal parameters on fatigue life cycle 

(N_) is sho^n in Figure 17 where N- is plotted versus MR for varying Mach 

no.  Also shown are the coolant bulk temperature rise and pressure drop. 

Thtbc curves indicate that N_ decreases at MR = 5.0 and 7.0 relative to MK 6.0. 

-11- 
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VI Copper Nozzle  (cont.) 

I 
I 

f 

F.  Boundary-Layer Mixture Ratio 

This study was conducted to determine what the reduction in 

boundary-layer mixture ratio would have on the copper nozzle design.  This 

boundary-layer control is sometimes referred to as barrier MR control and 

the purpose is to reduce the MR adjacent to the wall to reduce the heat 

transfer to the nozzle.  The hot gas and coolant flo«/ rate was assumed equal to 

that at MR — 6.0.  Only the hot gas side temperature and heat transfer co- 

efficients were varied with MR. Again the trade-off with nozzle coolant 

geometry was studied.  The thermal parameters are shown in Figure 18 versus 

throat Mach no. for varying boundary-layer MR (from MR = 6.0 to 2.0). 

The T  and AT decreased with increasing Mach no., however, wg        w 6 f        » 

at a constant Mach no. these values were at a maximum at boundary-laver 

MR = 5.0.  A cross-plot is shown in Figure 19 where the T  and AT were r ö wg       w 

converted to fatigue life cycle (NT). 

Figure 19 clearly shows the advantage of increased N™ at the 

lower boundary layer MR.  The coolant bulk temperature rise and pressure 

drop is relatively unchanged from an engine MR = 6.0 without boundary-layer 

control. 

-12- 
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i. INTRODUCTION 

This report presents the structural analysis of the combustion 

components for the Orbit-Orbit Shuttle Baseline Configuration per ALRC 

assembly drawing No. 1161568. The components under consideration were 

the Preburner Assembly, Regen Nozzle Tube Bundle, Combustion Chamber 

Assembly and Main Injector Vanes. 

In addition to material strength considerations, emphasis was given 

to service life predictions since thermal cycle and total lifetime require- 

ments were relatively severe, particularly in relation to space shuttle 

requirements. The combustion components will be subjected to high tempera- 

tures during operation while supporting structures will remain at tempera- 

tures close to cryogenic hydrogen and/or cryogenic oxygen. Repetitive 

strain induces mechanical loads which in turn could cause buckling and/or 

low cycle fatigue. Thus;, consideration must be given to temperature 

distribution, operating environment, physical and mechanical properties 

of the materials, geometry and loading conditions. 

A description of each component and the pertinent design data are 

given in the section dealing with that component as well as in Section V 

of this report, which also provides a brief description of the assumptions 

and methods applied.  Section II summarizes the results of the analyses 

while Section III presents a more comprehensive discussion of the results. 

Section VI contains the calculations performed for each component. 

II. SUMMARY OF RESULTS 

Tables I and II provide a summary of results of the structural analyses 

of the combustion components of the 00S engine. Table I presents the material 

strength evaluation while Table II shows the low cycle fatigue life predictions, 

The minimum margin of safety of 0.00 (yield) occurred at the crown of 

the preburner tubes and in the combustion chamber channel at expansion ratio 

6:1. A safety factor of 1.20 was applied to the pressure loading in each 

case. The induced stresses in the preburner tubes are a result of hoop 

membrane plus discontinuity bending whereas the induced stress in the 

C-5 



combustion chamber channel is primarily bending. Consideration was given 

to the increased loading capability of the material in the inelastic region 

when loaded by bending moments. 

Table II summarizes the LCF predictions at maximum thrust and nominal 

mixture ratio of 6.0. The baseline combustion components require no replace- 

ment over the entire 1500 cycle/50 hours service life, except for the main 

combustion chamber which must be replaced at each overhaul (300 cycles) in 

order to attain a safety factor of 4.0 on thermal cycles. Total operating 

lifetime in the 10 to 50 hour range has little effect on cyclic life for the 

combustion components, with the exception of the injector vane which is sub- 

jected to some thermal creep damage, but is still capable of meeting the life 

requirements. 
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III.  DISCUSSION OF RESULTS 

The design conditions considered in the study were direct stresses 

from pressure and mechanical loading, thermal stresses induced by either 

internal or external restraints, fatigue life, and creep-rupture or creep 

damage effects on buckling and fatigue: life. The life requirements of 

300-1500 cycles, combined with a factor of safety of four, put the OOS 

engine into the intermediate fatigue life range. Both ultimate strength 

and ductility of the materials contribute significantly in this range, 

with little advantage from either a very ductile low-strength material or 

a high strength non-ductile material. This means that the fatigue life 

Is influenced mostly by the OOS engine design (thermal gradients) and 

performance, and cannot be greatly Increased by material selection. 

Several simplifying assumptions have been used repeatedly in trie 

study. Thermal strains are estimated by use of the expression 

(Ac ■ kaAT), where 

Ae « total strain ran',e, in./in. 

a  ■ coefficient of thermal expansion, in./in./*F 

AT « temperature difference between hot structure 
and colder restraining structure, *F 

k  «■ geometric constant determined for each component, 
using results of SSEM or OOS computer solutions 
for baseline. 

For the regions where detailed thermal analyses of the structure were not 

available, propellant bulk temperatures were conservatively assumed as the 

restraint temperature. 

A safety factor of four was used as a goal for the OOS combustion 

components life In order to be consistent with the Space Shuttle Main 

Engine, and materials were selected so as  to be insensitive to total 

duration (creep damage) in all components except the main Injector vanes 

which was selected for ease of fabrication with multiple braze cycles, 

while still meeting the life requirements based upon a linear cumulative 

damage analysis. 
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A. PREBURNER ASSEMBLY 

The preburner assembly consists of a series of 1/8" O.D., Armco 

22-13-5 "U" tubes with strips of Armco 22-13-5 wire welded into the tubes to 

give the desired oxidizer flow area. The tubes are then welded together to 

form a 3.0 inch diameter chamber. A discontinuity analysis was performed 

which indicated that the critical region occurred at the crown due to internal 

pressure and discontinuity bending stresses. The minimum margin of safety 

of 0.00 (yield) was calculated considering a bending modulus of yield equal 

to 1.25 times the allowable tensile yield strength, and an applied safety 

factor of 1.20. The bending modulus accounts for the nonlinear stress 

distribution in the inelastic range due to bending. Thermal buckling and 

thermal creep were not significant considerations since the thermal gradients 

were not severe.  The preburner has a minimum predicted fatigue life of 

8800 thermal cycles at maximum thrust and nominal mixture ratio of 6.0.  The 

critical location is the hot crown at the outlet end of the chamber assembly. 

The desired number of cycles to be attained is 6,000 which includes a safety 

factor of 4.0 (see Figure 11). 

The total duration of 50 hours is not significant since the maxi- 

mum temperature (765*F) is below the Armco 22-13-5 creep threshold. 

A weld efficiency of 85U was considered in order to evaluate the 

preburner chamber thickness, which resulted in a margin of safety of 0.03 

(yield) for basic hoop stress. 

B. REGEN NOZZLE TUBES 

! 

The regen nozzle tube bundle consists of 190 tubes between 

expansion ratio,  e,  6:1 and 30:1, after which the number of tubes is increased 

to 380 up  to expansion ratio,  e,  125:1.    The tubes are  fabricated from 

Armco 22-13-5 and are a minimum of 0.015 in.  thick while the outer diameter 

varies from 0.128 in. @ c ■ 6:1 to 0.275 in. prior to bifurcation at c * 30:1 

and 0.1375  in.  to 0.280 in.  9 e - 125:1.    The critical location  for the  tubes, 

for material  strength considerations occurs at expansion ratio 30:1 prior to 

bifurcation where a margin of safety of 0.03  (yield) was calculated.    Thermal 
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buckling and thermal creep were negligible considerations at the relatively 

low thermal gradients. 

The minimum predicted fatigue life is 10,200 cycles at maximum 

thrust and nominal mixture ratio of 6.0. The critical region is the hot 

tube crown at the 6:1 area ratio coolant inlet where the maximum thermal 

gradient occurs. Predicted fatigue life is shown in Figure 14. Total time 

duration is not significant since the maximum temperature (707°F) is below the 

creep threshold for Armco 22-13-5. 

Using equations derived from references 11 and 12, the number and 

geometry of the tube bundle support rings were determined. Rings will be 

placed at expansion ratios 15:1, 30:1, and 80:1. The required minimum thick- 

ness for the rings is 0.021 in. for a ring width of 1.0 in. and was based 

primarily on the hoop strength requirement rather than the column buckling 

effect. 

C.  CHAMBER ASSEMBLY 

The pressure jacket la a single layer of Armco 22-13-5 stainless 

steel wire wrapped around the zirconium copper combustion chamber. Using a 

standard Vashburn & Moen wire gauge #12, a margin of safety of 0.04 (yield) 

was calculated considering basic hoop stress at the most critical location 

at the oxidizer coolant outlet. For ease of fabrication, the wire diameter 

of 0.105 in. will be constant despite the reduced loading downstream of the 

critical location.  The additional thermally induced load imposed on the wire 

wrapped jacket by t.ie combustion chamber was neglected because the effect is 

expected to be small. As compensation, the additional material strengths at 

the anticipated colder temperatures was not considered; rather, the room 

temperature material properties were used in the analysis. Since the wire 

temperatures and thermal gradients were low, low cycle fatigue predictions 

will be very high. 
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The zirconium copper has 120 channels of variable width and 

height and extends front expansion ratio, e ■ 2:1, forward of the throat, 

to € - 6:1, aft cf the throat. Based upon material strength considerations, 

the critical location occurs at expansion ratio 6:1 where the minimum margin 

of safety of 0.00 (yield) was calculated for the channel width in bending. The 

calculation considered an idealization referred to as the plastic hinge which 

assumes that the elastic moment distribution for a beam fixed at both ends 

holds until th° moment at the ends equal maximum moment, after which the ends 

"rotate" freely with no further change of end moment. The loading can then 

be increased until the moment at the center of the beam also equals the maxi- 

mum moment which will correspond to a pinned end beam (Reference 15).  The 

chamber has a predicted LCF life of 1220 cycles at the coolant exit for maxi- 

mum thrust and nominal mixture ratio of 6.0. Higher (6.5) mixture ratios are 

more severe, lower MR is less damaging.  Reduced throttle settings are also 

less damaging since gas-side wall temperatures, (T ) will be lower. The 
wg 

1220 cycles to failure indicates that for a required safety factor of 40 mini- 

mum, the chamber must be replaced every 300 cycles or overhaul period.  The 

total time duration of 10 hours will be of little significance since no 

zirconium copper creep damage was noted in ALRC fatigue test data up to 1000°F 

(Reference 4).  Figures 20 and 21 were prepared, based upon both ALRC and NAR 

test data and assumptions stated, in order to relate LCF predictions with 

Induced thermal gradients. 

The outer shell thrust support cone transmits the thrust and 

inertial loading from the regen nozzle tubes to the injector/chamber flange, 

by-passing the chamber.  The cone was analyzed for maximum thrust, and inertial 
2 * 

loading due to a failsafe angular acceleration of 40 rad/sec . 

The meridional strength requirements at the minimum radius is the 

governing criteria rather than buckling, and results in a margin of safety of 

1.16 (yield).  This is over and above the safety factor of 1.20 on thrust and 

1.10 on inertial loading.  The outer shell will be relatively cool and LCF life 

predictions will be high. 

*An ALF.C requirement based upon failure of the actuator during gimbaling at 
maximum velocity, and the nozzle contacting a stop, coming to rest within 
0.10 sec. 
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The injector/chamber bolted joint was analyzed for the meridional 

loading Induced by the pressure expulsion force at the joint and inertial 
2 

force due to 40 rad/sec angular acceleration. (24) 1/4-28 UNF bolts were 

used resulting in a margin of safety of 0.25 (ult) for bolts of 190,000 psi 

allowable ultimate strength. 

D.  INJECTOR VANE 

The oxidizer flow channels in the Boron Deoxidized (OFHC) copper 

injector vanes were analyzed as flat plates and/or beams» fixed at both ends, 

subjected to a uniformly distributed load. The critical location occurred at 

the forward end of the injector where liquid oxidizer enters and the unsupported 

span length is maximum. A margin of safety of 0.14 (yield) was calculated when 

considering a bending modulus of yield of 1.25 times the tensile yield allowable 

strength and an applied factor of safety of 1.20 to the differential pressure 

of 400 psi. 

The predicted fatigue life is 12,000 cycles without creep damage, 

which will reduce to 7,000 cycles at 50 hours total duration by use of the 

linear cumulative damage theory. Critical location is the outer vane platelet 

where strains are induced by the axial thermal gradient. 

IV. CONCLUSIONS AND RECOMMENDATIONS 

A. The combustion components of the 00S engine as reviewed in this 

report appear structurally adequate to withstand the anticipated temperatures 

and pressures during operating without failure although some local permanent 

deformation is expected. 

B. All components with the exception of the main combustion chamber 

appear to have an adequate low cycle fatigue life to meet the no replacement 

requirement of 1500 cycles, and attain a minimum safety factor of 4.0 on engine 

life.    The main combustion chamber must be replaced at each overhaul or 300 cycles 

in order to attain a minimum safety factor of 4.0. 
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I C.  It is recommended that a test program be performed to verify the 

material thermal fatigue/creep properties for both the Armco 22-13-5 and 

copper used in the analysis since present test data is so limited as to pre- 

clude using statistical methods to establish a design criteria. 

D.  It is further recommended that additional structural analyses be 

performed on those components not considered in this report, such as the 

AGCarb skirt, igniter, etc. 

V. ANALYSIS 

A.  DESIGN CRITERIA 

1.  Structural Requirements 

I 

Components should possess sufficient strength, rigidity, 

and other necessary physical characteristics required to survive the 

critical loading conditions that exist within the envelope of mission 

requirements. 

a. Deflection Criteria 

Each component shall not deflect or otherwise deform 

during exposure to the design environment such that the tactical performance 

of the component, or any assembly of which the component is a part, is 

degraded below specification limits. 

b. Yield Criteria 

Deformation indicating permanent set under design yield 

load environment shall be avoided. Tensile yield stress shall be that stress 

which provides 0.2 percent permanent strain, and strains in excess of this 

value will be considered permanent set. Local yielding Is permitted provided 

It is limited and not detrimental no proper engine operation. 
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c.  Ultimate Criteria 

The structure is taquired to withstand design ultimate 

load environment without rupture, collapse or other catastrophic failure. 

2.  Factor of Safety 

The factor of safety is an arbitrary factor meant to account 

for uncertainties and slight variations from item to item in material proper- 

ties, fabrication quality and loading distributions. The following factors 

of safety shall be used in the analysis when applicable: 

Condition 

Minimum Yield 

Minimum Ultimate 

Limit Pressure 

Proof Pressure 

Burst Pressure 

Low Cycle Fatigue 

Thermal Creep 

Factor of Safety 

1.10 

1.40 

1.00 at MEOP (Maximum Expected 
Operating Pressure) 

1.20 x Limit Pressure 

1.50 x Limit Pressure 

4.0 (on number of 
engine firings) 

1.50 on critical (R/t) buckling 
parameter 

B.  LOADS AND PARAMETERS (Reference 1) 

1. Thrust (F): Baseline engine will have P*25,000 lbf. 

2. Chamber Pressure (?Q): Baseline engine will have 
P - 1800 psi. 
c 2 

3. Gimbal angular acceleration (a): 5.0 radians/sec . 
For failsafe design, c  - 40 radians/sec^.  (See note on page 9) • 

4. Overall expansion ratio (c): Basül'ne engine will have c * 270. 

5. Temperature (T): Temperature profiles are noted in each 
component section. 

6. Initial flight + 4 refurbishments: 300 thermal cycles and 
10 lifetime hours. 

7. Initial overhaul + 4 overhauls at end of service:  1500 thermal 
cycles and 50 lifetime hours. 
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C.  MATERIAL PROPERTIES 

1.  Annco 22-13-5 Stainless Steel (References 2 and 3) 

Bar Sheet 

Modulus of Elasticity, E, @ R.T., psi   28.0x10  (estimated) 

»Tensile Strength, F  , @ R.T., psi 103,000  112,000 
(See Figure 1) 

*Iield Strength, F , @. R.T., psi 

Elongation, e (in 2.0 inches), X 

Reduction of Area, RA, X 

Density, P, lb/in. 

Coefficient of Thermal 
Expansion, a, in./in.-°F 

Cyclic Life 

55,000   75 
(See Figure 

000 
1) 

45.0 36 5 

65.0 — 

0.285 

(See Figure 1) 

(See Figure 2) 

f 2.  Zirconium Copper (References 4 and 5) 

Modulus of Elasticity, E, <? R.T., psi 

Tensile Strength, F  , @ R.T., psi 

Yield Strength, F , @ R.T., psi 

Elongation, e (in 1.0 inch), X 

■eduction of Area, RA, X 

Density, o, lb/in. 

Coefficient of Thermal 
Expansion, a, in./in.-*F 

Cyclic Life 

17.0x10     (See Figure  3) 

27,100       (See Figure 3) 

0,700 (See Tigure 3) 

38.0 

69.0 

0.323 

(See Figure 3) 

(See Figure 4) 

*The yield and ultimate strength allowables used for Armco 22-13-5 annealed bar 
and tubing were adjusted to 80Z of typical tensile yield and 85% of typical 
tensile ultimate strengths  in accordance with recomnendations from the ALRC 
Materials Engineering Section. 
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Bar Sheet 

3.  Boron Deoxidized Copper (References 4 and 5) 

Modulus of Elasticity, E, @ R.T., psi 

Tensile Strength, F , @ R.T., psi 

Yield Strength, F , @ R.T., psi 

3 
Density, e, lb/in. 

Coefficient of Thermal 
Expansion, a, in./in.-fF 

Cyclic Life 

17.0x10  (See Figure 5) 

27,500   (See Figure 5) 

5,600 

0.323 

(See Figure 5) 

(See Figure 5) 

(See Figure 6) 

4.  AGCarb-101 (Reference 6) Conical Specimens 

t 

Modulus of Elasticity, E, @ R.T., psi 

Tensile Strength, F , @ R.T., psi 

Compressive Strength, F , @ R.T., psi 

Density, p, lb/in. 

Coefficient of Thermal Expansion, a, 
in./in.-°F 

2.5x10' 

3,200 

5,000 

0.054 

1.85x10 
-6 

5.  1/4-28 UNF Bolts (Reference 7) 

Tensile Strength, F , psi 

Tield Strength, F , psi 

Ultimate Tensile Load, lb 

Yield Tensile Load, lb 

190,000 

170,000 

6,910 

6,180 (calculated) 
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D.  DESIGN STRENGTH FACTORS 

1.  Bending Modulus of Yield and/or of Rupture 

In general, it is assumed that whenever bending and membrane 

stress occur about any one axis, the stresses are additive algebraically and 

the interaction curve is a straight line. That is, failure is assumed to 

occur when some critical stress, F  or F , is reached, or R.+Rr, ■ 1 where: 

R- 
Membrane Design Stress 
Allowable Membrane Stress 

Bending Design Stress  
Allowable Membrane Stress 

f 

This assumption is highly conservative when bending stresses 

extend into the plastic range.  The interaction of bending plus membrane 

stress lies above the straight line assumption provided that bending causes 

the predominant stress. In other words, the apparent allowable stress for 

plastic bending is much larger than the membrane allowable.  The magnitude 

of apparent bending allowable stress depends on shape and material properties 

of the cross section in bending.  Under these conditions, a Bending Modulus 

of Yield or of Rupture may be applied to the membrane allowable stress to 

determine the bending stress allowable. 

A Bending Modulus of Rupture equal to 1.50 x allowable 

ultimate stress or a Bending Modulus of Yield of 1.25 x allowable yield 

stress was considered where appropriate in order to calculate margins of 

safety.  These factors were determined in accordance with Reference (8). 

Therefore, the expression for R becomes: 

Bending Design Stress  
Bending Modulus of Rupture 

or 

Ultimate 

Yield 

Bending Design Stress 
Bending Modulus of Yield 
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2.  Welded and Brazed Joint Strength Factor 

Welding efficiencies equal to 95% for electron beam welds 

and 85% for fusion welded joints will be considered for both the weld metal 

and the adjacent parent metal. For materials heat treated after welding, 

the allowable strength for the parent metal in the heat treated condition 

may be used but the weld-metal allowables will still be based upon the 

efficiencies assumed above (see Reference 9). The strength of brazed joints 

must be determined experimentally for the type of joint under consideration, 

i.e., braze material, clearance, material to be joined, etc. For preliminary 

design purposes' 80% of tensile ultimate may be considered for copper/copper 

brazed joint. 

E.  METHOD OF ANALYSIS 

It was assumed that all firings would occur at altitude, i.e., 

no start transient asymmetric loads would occur and that vacuum conditions 

only would apply. The critical parameters considered were thrust (F), 

chamber pressure (P ), and gimbal angular acceleration (a). The effects 
c 

of the thermal environment were considered for lew cycle fatigue life and 

thermal buckling, but secondary stresses due to temperature were neglected. 

Formulas and relationships from Reference (10) and similar handbooks, and 

results of previous analyses (References 11, 12, and 13) were utilized where- 

ever applicable. 

The following is a list of the critical structural load parameters 

considered for each of the components. 

1.  Prebumer Assembly 

a. Radius/thickness, (R/t), dependent upon internal pressure 
and mean wall temperature for tubes and welded chamber 
assembly. 

b. Upper bound of (R/t) United by thermal buckling and/or 
thermal creep criteria. 

c. Maximum tube crown temperature-fatigue life limited. 

C-26 
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2.  Regen Tube Bundle 

a. (R/t) dependent upon intern«! pressure 
and mean wall temperature 

b. Upper bound of (R/t) limited by thermal 
buckling and/or thermal creep criteria 

c. Maximum tube crown temperature-fatigue 
life limited 

Regen Tube Bundle Support Ring;Size and Spacing 
(Dependent Parameters) 

a. Nozzle internal pressures and tube temperatures 

b. Thrust level and gimkaling accelerations - 
column buckling effect 

Zirconium Copper Liner 

I 
a. Temperature differential fro« gas  side-to-backside 

jacket - maximum temperature fatigue life limited 

b. Effect of channel width/land ratio,  channel width 
bending and shear 

Pressure Jacket 

a. Chamber pressure - biggest effect 

b. Jacket temperature 

Outer Shell   (Thrust Cone) 

a. Glmbal angular accelerations and nozzle inertia 

b. Axial thrust,  combined with (a) 

c. May be limited by strength or buckling - 
(R/t)  critical 

Injector Flange 

a. Chamber Pressure 

b. Gimbal accelerations and nozzle inertia 

c. Axial thrust level 

worst 
combination 
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Life Prediction Methods 

In order to avoid costly non-linear computer analyses of the combination 

components operating in the plastic range, some simplifying assumptions were 

used. Thermal strains were estimated by use of the expression, e_ ■ kaAT 

Where:   e • total strain range, in./in. 

a ■ coefficient of thermal expansion, in./in.-°F 

AT ■ temperature difference between hot surface (T ) 
and colder restraining structure, "F       ™ 

k ■ geometric constant determined for each component 
b "sed upon results of computer solutions for 
similar structures. 

For the regions where detailed thermal profiles of the structure were not 

available, propellant bulk temperatures were conservatively used as the 

restraint temperature. 

Figures 2,4, and 6 show plots of fatigue life versus total strain for 

the three basic 00S materials. The boron deoxidized copper curves show a 

reduction in fatigue life due to compressive hold periods. To assess the 

creep damage effects, a cumulative damage theory (Reference 14) was applied 

per the following expression: 

xa-4-.i 
f   f 

where:   N - number of thermal cycles applied 

N. ■ number of thermal cycles to failure 
with no creep damage 

t - total duration applied, hours 

t_ ■ total time to rupture, hours 
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i. INTRODUCTION 

The purpose of this report is to show how various parameters effect 

the stresses, material requirements and life capabilities of rotating 

machinery turbine rotors and impellers. The curves presented are intended 

as a preliminary guide to choosing materials and operating speeds. They 

would not serve as a structural analysis of point design operating conditions 

since too many other considerations which could not be included in this report 

enter into the final design structural evaluation. 

II. DISCUSSION 

'\- 

The curves presented for turbine blades assumes the material is steel, 

the blades taper with a linear area variation and include a factor of safety 

of 1.4 on the material ultimate strength. For preliminary design these 

assuptions are adequate to describe a blade geometry. However, considerations 

of blade tilt stresses, gas bending stresses, vibratory stresses and thermal 

stresses are needed to make final structural evaluations. If the blades are 

subjected to long periods of operation at high temperature the material ulti- 

mate strength should be interpreted as the stress to rupture or stress to 

adverse creep deformation whichever is the controlling criteria. 

The curves for turbine wheels are fitted to past analyses of optimized 

steel turbine wheels as the data points indicate. The allowable mean blade 

speed should be taken as the minimum of that determined for burst and that for 

gross yielding. The burst factor used in the burst speed calculations varies 

from wheel to wheel and between materials. Generally it will fall within the 

range shown of .6 to .8 and with proper design and material selection could 

even be expected to exceed .8. The design factors of 1.2 on burst and 1.17 on 

gross yielding are those recommended for use as Lhe turbine wheel structural 

design criteria. 

1 
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The impeller stress vs tip speed curves are also fitted to past 

analyses of optimized shrouded titanium impellers. The same general 

comments made for turbine wheels about burst and gross yielding speeds 

are applicable to the impeller curves. Note that curves are presented 

to include aluminum and steel which are also candidate materials, in 

addition to titanium, for many Impeller applications. Another significant 

impeller design consideration which lends itself to graphic interpretation 

and is presented in this report is the fracture mechanics concepts of 

critical flaw size and flaw growth to critical size. The critical flaw 

size is a function of material toughness, applied stress and flav; shape. 

For this report the most severe flaw shape parameter was assumed elimina- 

ting this variable from the curves. Comprehensive material fracture 

toughness and flaw growth data are not readily available. However, the 

available data and the curves presented do indicate the trends and the 

significance of flaws in determining the life cycle limitations of pump 

impellers. 

III.  CONCLUSIONS 

Parametric data regarding tip speed limitations and approximate life 

cycle capabilities have been presented for the OOS turbine wheels and pump 

impellers applications. These data accordingly should prove useful in 

carrying out the parametric system analyses. Additional in-depth analyses 

will be required to ascertain accurate structural characteristics of the 

selected design configuration. 
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I.     INTRODUCTION 

The purpose of this report is to present the results of the parametric 

study performed for the 00S injector vane outer plate, the nozzle regen tube 

bundle and the preburner chamber. The latter structures will be fabricated 

fro« tubes in order to provide regenerative cooling by flowing cryogenic 

hydrogen.  The injector vane outer plate is constructed to approximate a 

series of tubes.  The crowns of these tubes are subjected to high temperatures 

during operation while the tube supporting structure remains at temperatures 

close to the cryogenic hydrogen (cryogenic oxygen in the case of the preburner 

tubes and injector vane plate).  Because of the constraint of the supporting 

structure, repetitive thermal strain induces mechanical loads at the tube 

crowns which in turn may cause buckling and/or low-cycle thermal fatigue.  In 

order to analyze these combustion components, consideration mur.t he given to 

temperature distribution, operating envirunnent, physical and mechanical 

properties cf the materials, geometry and loading conditions.  The intent of 

the work performed and reported herein is to provide preliminary design 

information which will aid the designer to make decision1' cone i n i ng geometry, 

loading apd material selection, but does not negate the necessity fen a comprr 

hensivt ic.vi.ew in the ludeement of ;he structural analyst. 

Th*> combust ion component? analyzed were all idealized AS circular tube, 

with dr.fVrrnr doffxr*■.*■-   ~>r constraints dependent: upon their conf isyui at fon.  A 

li' ■- r r; ■ • "->n of each component is presented in trie section dealinp, with that 

.:-.. i i-,n   1H   ■ 

T ' ''■ t • i n   o'    th» 

' • '      f '"'I-     I  MTV'    ;     ' 

f)ii'&i::s   a  '-*Ti''f  description of   th»-   .-isstunpt ions  and  m.uho 

<i.>s!■,•■>   --iitvcs,   while   it   the   conroonent   section;;,   ant'!1 ■ .< 

s   <]•? ;>T iS'd, il lustrateci  with   SUTP lc-   ral rnT.ir i ons . 

I 
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II. SUGARY Or   RESULTS 

This report presents data applicable for preliminary design of tubes 

for regenerative cooled conbustion components and similar structures for the 

00S rocket engine. The data are presented in curve form to facilitate 

usage and may be used to aid the designer to make decisions concerning 

geometry, loading and material selection. The curves were prepared based 

upon pressure loading criteria, thermal buckling and low cycle fatigue 

characteristics of ARMCO 22-13-5 stainless steel. 

III. GENERAL DISCUSSION 

CRITICAL RATIO OF RADIUS TO THICKNESS (R/t) cr 

The nozzle tube bundle vas analyzed for pressure loading, thermal 

buckling and low cycle fatigue.  A plot of tube radius to thickness, (R/t)max 

vs wall gas-side temperature, T  , is presented in Figure 12.  To evaluate 

pressure loading, basic hoop stress was considered for both proof pressure 

and burst pressure using the following relationships: Reference (6), pg. 268. 

Yield rriceria 

(R/t) ty 
1.20 P ..(1) where:     R      = Tube-mean  radius,   in. 

t      ■ Thickness,   in. 

p  = Maximum Expected Operating 
Pressure, psi 

F  ■ Tensile Yield Strength, psi 

"Safety Factor ~  1.20 

tit 
')   c (2 where:  F w  ■ Ultimate Tensile 

Strength, psi 

Safety Factor =1.50 

AK.V.V' J.-I3-5 stainless steel, the yield criteria governed 

■:l: •-■■   u- '-T-itoria.  A relationship of tube pressure equn! to 

•:.-.-r ■-"!•; i. ; :--d and based upon yield strengths, curves 
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were plotted for chamber pressures of 2500, 1800, 1000 and 500 psi. The 

safety factors used were similar to the Space Shuttle Main Engine design 

criteria. 

Figure 12 may also be used where tube pressure is not 2-1/2 times 

the chamber pressure (such as in the preburner) by dividing the tube design 

pressure by 2-1/2 and entering Figure 12 with this "pseudo" chamber pressure. 

Figures 7 and 8 have similar data plotted for the injector vane 

plate.  In these figures maximum radius to contain pressure is plotted versus 

minimum thickness as a function of wall gas-side temperatures. On the basis 

of a specified thermal conductivity and heat flux, the thermal gradient across 

the wall was calculated and a yield strength for the vane plate was determined, 

To evaluate thermal buckling the following expression was used: 

References (3) and (4) 

Thermal Buckling 

(R/t) = 
0.24 

a(iT)(F)(S.F.) 
(3) where: 

AT 

T 

TB 

F 

S.F. 

; Coefficient of Th<-.r- li 
expansion, in./in.-°7 

: T  - T„ 
wg   B 

'  Wall gas-side temperature ,°F 

!-Coolant bulk temperature, aF 

■ Degree cf restrain.': = I 
(full restraint) 

• Safetv Factor = 1.0 

L 

I 

Coolant bulk ter..:eratures of -360°F ar.d 0°F wc»re considered and V.TIJCS 

of (R/t) were calculated and also plotted in Figure 12.  A survey of the liter.;'.ure 

indicated that the above expression was satisfactory for minimizing the buckli:/ 

probies at the tube crown,  however, thermal creep effects which are difficult to 

analytically evaluate were neglected.  Consequently, a safety factor of 1.5 to 

? .':•  : ■. suprested in expression (3) above (dependent upon oneratin;." environment). 

Th< r- .: i-ucklir.' re..'Its fron Figure 12 should be modified accordingly.  The 

r>' ..•.!■• ziri~j:   (R :.) from the above discussion is (R/t) 
cr 

C-117 
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B.  LOW CYCLE FATIGUE 

Low cycle fatigue test data for ARMCO 22-13-5 up to temperatures 

of 1300°F including hold times of 600 seconds were reported in Reference (2), 

The data were plotted and presented in Figures 3, 4, and 5. 

The following assumptions were made: 

J 

1. For the range shown in Figure 3, the relationships 
were linear on the log-log scale. 

2. Linear interpolation was assumed for temperatures 
between those rersoTf ed. nv<<* 

3. In order to evaluate hold times, Figures 4 and 5 
were prepared, assuming that 75% of the damage 
occurs within the first six to ten hours. 

For the nozzle regen tube bundle, axial strains were calculated 

using the following expression: Reference (9) 

£ = KoAT (4) where: e = Total  strain,   in./in. 

K = 0.80   (function  of constraint) 

a = Coefficient  of  thermal expansion, 
in./in.-°F 

AT «  T       -  TD wg B 

T  * Wall ga^-side temperature, CF 
wg r 

T * Coolant bulk term«, rature, "V 
B 

For an assumed T  , the strains due to bulk temperatures of -360°F, 
W2 r 

and 0°F,  were calculated and   the number of cycles  tc   failure  were   determined 

fi^u Figure  3.     Results were plotted in Figure 13 versus wnll  gas-nice 

temperatures, T 
wg 

Firure 14 also shows number of cycles to failure plotted against 

total strains for hold tires of 1, 10. and 1C0 hours at 1000'F and 1100°F.  The 

• •::■: ::' hole tines ap-iefirs negligible below these teTo-eraturev.  Figure 14 

:»v ■. .' •.. r appl:'c'itii.-r since it say be used whe^e induced «trains do not conforr 

'• • ■    vi: • x r..■■- :-., i.e., constraints nay be sore rigid, K > 0.30.  Fiyur.- 

:•. •  ■ . ■jr-.-. the d >::< in Figures 4 and 5. 
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For the injector vane plate, a K of 1.35 was used in the above 

expression to determine axial strains at different wall gas-side temperatures. 

Corresponding LCF life was determined and plotted in Figures 9 and 10 versus 

the thermal gradient between the wall gas-side temperature and the restraining 

structure or oxidizer bulk temperature. For a specified thermal conductivity 

and heat flux the plate thickness may be related to the wall thermal gradient. 

This information is also included in Figures 9 and 10, while the sample problem 

on page 8 illustrates the usage of these curves. 

IV. CONCLUSION 

\ 

Curves are presented which will aid the designer tö predict thermal low 

cycle fatigue life as well as to determine preliminary design configurations. 

However, the data presented do not obviate the necessity of performing a more 

comprehensive analysis in the judgement of the structural analyst, nor preclude 

the necessity of obtaining additional test data to substantiate designs. The 

curves presented are most valuable qualitatively to establish trends, and an 

understanding of the problem rather than presenting quantitative solutions. 

V. DESIGN CRITERIA 

A.   LOADS 

i.       Chamber pressure =  1800 psi Q 25K thrust - Figure  1. 

2.       Temperature profiles as  noted  in cocponent  sections. 

FACTORS OF SAFETY 

1.       Strength  Factors 

1.20 vs minimum yield 

1.50 vs minimum ultimate 

I 

I.?' or critical (R/t) bucklinw; p;'.ras-.ter 

C-ll*» 



3.  Fatigue 

4,00 on lower bound of ALRC task data. 

C.   MATERIAL PROPERTIES 

The tubes and injector plates will be fabricated from ARMCO 22-13-5 

sheet stock because of its excellent low cycle fatigue characteristics as well 

as its high strength at high temperatures. Figure 2 shows mechanical properties 

varying with temperatures. The ultimate tensile strength plotted is 85% of the 

typical values reported by the ARMCO Steel Corporation (Reference 1) while the 

tensile yield strength is 80%.  This is in conformance with recommendations 

from the ALRC Materials Engineering Section for design allowable strengths. 

Figure 3 shows the low cycle fatigue life characteristics at 

various tt;.t temperatures and includes data for hold tines of 600 seconds per 

cycle in both tension and compression at 1300°F, as reported in Reference 2. 

Figures 4 and 5 further illustrate the effects of hold times at different 

temperatures for compressive strains of 1.3% and 2.0% respectively. Figure 5 

also includes a curve of 2% tensile strain at 1300°F and it is apparent that 

this condition imposes the most severe LCF life degradation reported.  The 

test data indicate that the effect of hold time up to 1000°F is negligible 

and that LCF life is reduced with increased total induced strain.  It is also 

anticipated that most of the damage due to hold tines will-occur enrly, 

within the first 6 hours. 

VI.   ANALYSIS 

A.        MAIN  LN'JECTCS VANE 

Description 

Main    in inrfnr   vflnp   rnncjcf»;   r\f   o-fv   nlit-nlprc       «■■.•■>    fi*,-k   r>f    rhe 

shown in Fi.cure 6, which illustrates half of a v.me assembly.  Liquid 

:••' ■•■"t-Ts the vane, place (a) and is directed by the channel;- to the 

• of "-l.it.1 (b) ,  r.nd then down through the crooves of plate (c).  Plate (<■ ) 

C-120 
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Is subjected to the maximum thermal gradient having liquid oxidizer on one aide, 

and the hot products of combustion on the other. The oxidizer undergoes a phase 

change of from 100% gas at full thrust, to a minimum of 70% quality at minimal 

thrust. The gaseous oxidizer flows through the lower orifice of plate (b) back 

to the nozzle configuration of plate (a) and is injected into the main stream 

of the hot gas flow entering the thrust chamber. 

Plate (c) will be etched to achieve the desired groove configuration, 

and electro polished on the hot gas side to remove excess metal.  The final con- 

figuration will approximate a series of half tubes which will have flexibility 

and thus minimize the induced plastic strains due to the high thermal gradients, 

and improve low cycle fatigue life. 

2.   Discussion 

Plate (c), Figure 6, was assumed to be a series of cylindrical 

half tubes.  The pressure holding capability was evaluated on the basis of hoop 

strength.  A 1.20 and 1.50 factor of safety was applied to proof pressure and 

burst pressure respectively.  The plate was also evaluated for thermal buckling 

using an empirical expression from References 3 and 4.  The critical condition 

resulted from the application of proof pressure. 

2 
Assuming a heat flux of 6 BTU/in. -sec, per recommendation of the 

—ä 2 
heat transfer section arc a thermal conductivity of 2x10 " "STU-in./in. -sec-°F, 

curves were plotted, Figure 7, showing the max in'im radius to hold pressure for 

a specified wall thickness as a function of the wall gas side temperature. 
-L 7 

Figure 8 is a similar plot for thermal  conductivity of 15x10 BTL'-in./in. - 

sec-°F.  The thermal conductivity of chromium nickel stainless steels will varv 
-L, -it 2 

'roa 7x10  to 3x10  BTL'-in./in. -sec-°F between !00°F and 10?0°F respectively 

As ar. example of the us «ige of the curves, see Figure 8, as--* vr.e  a wall thickness 

of 0.G40 inch and find the corresponding maximum radius of C. 74 inch at SOOT 

vail cas side temperature. 

I 

FiHurt's  9 arc'  30  relate  low cycle  fatigue  life with   thermal  gradients 

bftw.M-n   : he wall   i".:-rit;o  ar.d   the  oxidizer bulk  temperature  a-;  a   function o#   will 

,.i       . :<_■   ter.:-er.ifjre'    for   thermal   conductivities  of  2x10  "  And   3x10   '   HT'J-in.   li<. 

■re-0;   re   ri'*:•/..!■. .     Th<    f ^1 lowlr.*; example will   illustrate   the  us.t.v  of   t'u • e 

' -•-■'•  ■• C-121 
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r ' s ^gn Data I 
T  SnlV tenperature of liquid oxygen =» 200°R (-260°F) 

T.  , liquid side wall temperature - 250°R (-210°F) 

t, wall thickness - 0.050 inch 
-4 2 

k, thermal conductivity ■ 3x10  BTU-in./in. -sec-°F 

From Figure 10, a wall thickness of 0.050 inch corresponds to a 

wall thermal gradient, AT, of 1000°F. 

•T , gas side wall temperature « T  + AT 
wg' ° K WL 

- -210 + 1000 - 790°F 

and 

@ AT 

AT 

AT 

T 
wg 

T -T„ 
wg B 

790-(-260) 

1050°F      I 

790°F       1 

From Figure 10 

Nf = 3,700 cycles 

Assume:  Number of life cycles are inadequate.  A minimum of 

6,000 cycles is desired. Try t = 0.040 inch. 

\- 

Fror. Figure 10, the wall thermal gradient « 800°F 

T  = -210 + 800 = 590°F 
wg 

and 

~"> 

§ AT - 590-(- 260) / From Figure 10 

AT = 850°F 
> 
i 

l 

Nf - 10,600 cycles 

T  = 590°F |- 
— . _„ 

wg 

a:.ü 

<? t = 0.040 inch    / 

T  - 590°F 
wg 

Fron Figure 8 

R   - 0.92 inch 
max 

C-122 



I 
I 
I 

rtiMgT»    MaOifT-SERMAl COfPORATte* 

-    P-JEC 

REPORT NO 

0CS-CC-02 £A 

-   SAMPLE      CALCULATIONS 

GUSkefp 
CMK. BY 

PAG£   9 OF  S 7 

DATE 

S/20/7/ 
WORK OKOEt 

DATE 

\i— A -*(*- 8 —*| L/Q^'D   S/0£ r<-  eac'K 

■'>?. '.:■,-.   i <.: "A 

7^, -- 

2r«rr '/? 

£.*, 

. >-'' ' - - ^ f»  C 

' 1 ' A: . / •   -^ 

I  , 

=    /ar,r 

- r '    -      *>-; ^ 

■/' 
-- fr /**>'£ 

\ 

C-123 



rimmf«    AEROJET-eiRENAL CORPORATION 
lUHIK ,f       1ACIAMINIO • CMI'OIH!« 

» *cs-a».,c-': 

REPORT NO. 

SA-cfs-cc-az 
I 

or 7 
S»i«j£CT DATE 

A • A 
WORK  ORDER 

CA/S 

/-)     PRESCOflB    AMD   TZMP£iZATl-tZ&. 

net pr&GZU s*2     A > /y'/r* a 

(a 1 V/-.v.y Cr-irCr• <*. £ 

Gt>fi-r*>nC4   (C)i    PS.     26S 

0;, 
/,2 P 

(o)   /h?.■>., Tc„p -    ."/?? * ?r 0 'äc°R zyc r    -    f%t .   = •<V" 

fit: f< ■ /?   c-z 

s^fcA Co.;. 
A'-xc'.'uS   ~JS    "■', 

A>t   pi s:.L   ft -\ 

—« 1 

- * >  -.•-/■? 

1 

.£.:.: 

(b-: .- r   < 

^    /'■■••>     _  , 

Vc   ' 

/   '       "V .j       f/v 

p/-'- 
.: •/ 

,y <--r 

zy a /.;   sr 

£?/• * o   , ■ 

i 
10 



I 
»»^^    MltJtT-ttMIUl  COKPBMTIB» 
^TTZ^^^w      uriiHlHin * riiitflmu LI?MT^J      IACt»»tN'0 CAU'OtNtA REPORT NO 

\SA-£*?S-CC-JZ\  PAGE / / o« 
DATE 

G>/5 

■/±£llL ?Av 
WORK  OBDt" 

CHK. 8Y DATE 

2.-   ^OKf   CYCt£      FAT/GOE 

K -     3*/ä 

<P '     K AT 
CY 

5",    P3.3.S./.f 

V'"«'."1     '*«"" c***d>*crtia>\ .irju.* * ■ 

'/• •/=• 

I 

<*sA&rC 

/■i€(U'^)!C° 

K - /3S7 ow.*,ro') 
o(- /o.cs*;t>"~ :■;/■*■-■■;- 

fr    Z.CP    L/rs    c    3,CöO   c^;/.7   '-"   yo'e-'r 

A 7 ,■:--£■ 9z 
/.3* fats) A ,-6 

O 6> A. 

/.sr/'-rss.j/f 

C-I2") 

1! 



REGEN TUBE BUNDLE 

1.  Description 

The regen tube bundle under consideration in this report exten i 

from expansion ratio 6 to expansion vatio 145 with a bifurcation occurring 

at expansion ratio 30, This is a two pass system with 160 tubes prior to 

bifurcation and 320 tubes afterwards. Each tube has a constant minimum 

thickness of 0.015 inch, but the radius varies with position from 0.073 inch 

minimum to 0.179 inch maximum. The expression to determine the radius is 

as reported in Reference (7): 

= 1-28 ( eF^ 

c 
Radius, R = —— ( — j 

111 
where: e ■ expansion ratio 

n = number of tubes = 160 

P = chamber pressure=1800 psi 
c r 

F = motor thrust=25,000 lb 

The tubes will be fabricated from ARMCO 22-13-5 stainless steel. 

Mechanical properties and thermal low cycle fatigue data are presented in 

Figures 2, 3, 4 and 5. 

2.   Discussion 

Figure 11 presents the regen tube thermal profile for various 

Ci.aitcr stcssures.  Maximum thermal gradient occurs at 500 psi which makes 

this condition lav cycle fatigue critical as compared to the 2500 psi condition, 

which wou!d be strength critical.  The tubes were evaluated for their pressure 

carrying capability on the basis of induced hoop stress for a design pressure 

of 2-1/2 times the chamber pressure, and including a 1.20 factor of safety for 

yield.  Resultant maximum radius/thickness ratios, (R/t) ,  are plotted in 

r; >• 11 r ■  J versus gas side wa]l temperature, T  , as a function of 
wg' 

!~: "!-'•_ r pressures.  In addition, thermal buckling was considered, using the 

v. '. i> ■« :r.v. expression from Reference 3. 

<? 11 \ Uherc:     u * coefficient  of   thermal 
expansion,   in./in.-°F 

LT "  thermal  gradient,   CF 

12 
C- \2<> 
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It is apparent that at 500 psi chamber pressure thermal buckling 

is critical at gas side wall temperatures greater than 350°F. However, at 

pressures greater than 1,000 psi, thermal buckling is no longer a structural 

consideration, although thermal creep may be at temperatures greater than 

1000°F. 

Figure 13 presents low cycle fatigue life versus gas side wall 

temperature for the limits of -360°F and 0°F liquid bulk temperatures, T 

The following example will illustrate usage of Figures 12 and 13: 
B' 

I 

Example 

Design Data 

Motor thrust = 25,000 lb 

Chauber pressure = 1800 psi maximum 

_ ,    , ^  ,    ,)160 - from e - 6 to e 
Number of tubes =S.,.,rt  , ort _ 

(320 - from e * 30 to e 

Minimum tube thickness = 0.015 inch 

Liquid bulk temperature = -360°F 

30 
145 

From Figure  11, t?  e    =20 
P '  500 psi 
c 

T  = 870°F 
wg 

From Figure 12, @ T  - 870°F 
wg 

TD * -360°F 
o 

(R/t) = 19.5 

To evaluate thermal creep, let safety factor =1.5 
19.5 

(R/t) cr  1.5 
= 13.0 

Radius, R - 
1.28  cF 1/2 

n 

R/t - $i . 8.90 

0.133 inch,whore:  n = 160 tubes 

t = 30 

F = 25,000 lb 

P = 1800 psi 
c 

11 o 
M.S. *  f~~ -1 = 0.4h 

r 
c-12; 

13 



Again 

From Figure 11, @ z  » 20 

Pc « 1800 psi j Twg * 200°F 

From Figure 12, $ T  ■ 200°F 

P^8 - 1800 psi] (R/t)cr -  12'° 

M,s* = "O _1 * °*35 (yield) 

From Figure 13, <? T  * 870°F 
wg 

TB - -360°F 
Nf « 6,200 cycles 

C--128 
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PREBURNER TU3ES 

Discussion 

It was proposed that the preburner chamber would be fabricated from 

ARMCO 22-13-5 1/8 inch tubes with an external wire wrap. The design of the 

tubes for internal pressure and low cycle fatigue was evaluated using the method 

and curves developed in this report. The calculations and results are shown in 

Paragraph 2, Sample Calculations. 

Figure 12 was developed for an internal tube pressure of 2.5 times 

the chamber pressure. For those cases where this relationship does not exist, 

a "pseudo" chamber pressure may be calculated in order to use the curves. 

For example, the preburner tube pressure is 3255 psi. When divided by 2.5, the 

result is 1300 psi which is less than 1800 psi chamber pressure at full thrust. 

However, using 1300 psi and the proper gas-side wall temperature, Figure 12 may 

be entered and a critical (R/t)  established. For tne preburner tubes the 
cr 

(R/t)  = 11.4 with a resultant margin of safety of 1.75 (yield). 

Figure 14 is a plot of strain versus number of cycles to failure 

at 1000 and 1100CF for hold times ranging from 1 to 100 hours. When this 

curve is applied to the preburner tube design conditions, the LCF life pre- 

diction is 4500 cycles for 10 hours hold time. 6,000 cycles is desired. 

An attempt was made to determine the effects of wire wrapping 

the preburner tubes. It soon became apparent that with the proposed wire 

thickness to resist the longitudinal as well as hoop load, the wrapping could 

not be readily accomplished without incurring some damage to the tubes.  Con- 

sequently because of the low LCF prediction and fabrication problems, the 

preburner is being further evaluated. 
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I. INTRODUCTION 

The following report contains the critical speed analyses which have 

been performed for the OOS Fuel Turbopump assembly as shown on Figure 4. 

The design investigated incorporates 25 mm angular contact bearings at the 

pump end and 20 mm angular contact bearings for the turbine end. 

Parametric studies were initially performed for the rotor shaft to 

demonstrate feasibility. These analyses are included in the report as 

Appendix I.  Following the parametric studies, a more detailed analysis 

was performed for the turbopump design selected. The results of these 

analyses aie presented in the main body of the report. 

II. METHOD OF ANALYSIS 

The enclosed analysis was accomplished using a computer program 

which predicts bearing loads, shaft deflections and critical speeds. It 

is based on a lumped parameter method of analysis for determining forced 

lateral vibrations of a beam having variable section properties. As output , 

the program computes the amplitudes of shears, moments, slopes and deflection 

attributable to harmonic forcing functions and in addition determines the 

rotary inertia and gyroscopic effects for rotating shafts. 

III. SUMMARY OF RESULTS 

The results of the rotor-only parametric analysis are shown in Figure 1 

where the first three rotor critical speeds are plotted versus effective 

radial stiffness at the bearing supports. These results indicate that with an 

effective radial stiffness of about 0.03x10 lb/in. at each bearing OXk   the 

operating requirements can be met as follows: 

For K ,, - .06x10 lb/in. per bearing set 
ef f 

N  - 16000 rpm ") 

N  - 24000 rpm J 

N,_ = 92000 rpm 

shaft rigid critical speeds 

shaft bending critical speed 
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N  and N  are rotor natural frequencies that are controlled mainly 

bv effective stiffness (K) at the bearings, whereas N_ is controlled 

principly by shaft bending stiffness (El). 

As seen from Figures 2 and 3 the proposed operating speed range for 

the FTPA results in fairly low bearing reactions due to whirl loads for 

both bearing sets. These loads are approximately: 

Operating 
Condition 

MPL 

NPL 

Total Reaction/Brg. Set (lb) 
Turbine End       Pump End 

24 

20 

35 

10 

The appendix contains earlier parametric studies which were performed 

during the preliminary design phase of this study.  It contains curves of 

radial stiffness versus shaft speed for proposed turbopumps having two and 

three stages and having various inducer designs. These data formed the 

background for the final Investigations. 

IV. CONCLUSION 

1.  Shaft critical speed requirements can be net by the turbopump 

configuration analyzed. 

V. ANALYSIS 

A.  DESIGN CRITERIA 

1. All rotor critical speeds shall be 152 removed from any 

operating speed. 

2. No natural frequencies of the turbopump assembly shall exist 

within the normal operating speed range of 32000 rpm (MPL) 

and 80000 rpm (NPL). 

C-1SC 
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OPERATING SPEEDS 

Minimum Power Level, MPL 

Normal Power Level, NPL 

- 32000 rpm 

■ 80000 rpm 

f 
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i 
I. INTRODUCTION 

I 
The following report contains the critical speed analyses which 

have been performed for the 00S Oxidizer Turbopump assembly as shown on 

Figure 4. The design investigated incorporates 30 mm angular contact 

bearings at the pump end and 20 mm angular contact bearings for the turbine 

end. 

Parametric studies were initially performed for the rotor shaft to 

demonstrate feasibility. These analyses are included in the report as 

Appendix I. Following the parametric studies, a more detailed analysis 

was performed for the tuxbopump design selected. The results of these 

analyses are presented in the main body of the report. 

II. METHOD OF ANALYSIS 

The enclosed analysis was accomplished using a computer program 

which considers bearing loads, shaft deflections and critical speeds. It 

is based on a lumped parameter method of analysis for determining forced 

lateral vibrations of a beam having variable section properties. As output j 

the program computes the amplitudes of shears, moments, slopes and deflection 

attributable to harmonic forcing functions and in addition determines the 

rotary inertia and gyroscopic effects for rotating shafts. 

III.  SUMMARY OF RESULTS 

I' 

Figure 1 presents the results of the rotor only parametric analysis. 

In this figure the first three rotor critical speeds are plotted versus 

effective radial stiffness at the bearing supports.  These results show that 

with an effective radial stiffness of about 0.015x10 pounds/inch at each 

bearing CSS» the operating requirements can be met as follows: 

} ^>14&*T ßlC*IO COOf C£»T»CAtJ» 
First critical speed - 12,000 rpm 

Second critical speed ■ 16,000 rpm 

Third critical speed - 64,000 rpm   "}   5uN*T    f>te*JO»»^   C«.«7lCKc 
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The critical speeds of 12,000 and 16,000 rpm are rotor natural 

frequencies that are controlled primarily by the effective stiffness (K) 

at the bearings, whereas the critical speed of 64,000 rpm is controlled 

principally by shaft bending stiffness. 

Figures 2 and 3 show that the proposed operating speed range results 

in moderately low magnitude bearing reactions due to the whirl loads for 

both bearing sets. These loads are approximately: 

Operating 
Condition 

MPL 

NPL 

Total Reaction/Bearing Set (lb) 
Turbine End Pump End 

5 

8 

36 

9 

The appendix contains earlier parametric studies which were performed 

during the preliminary design phase of this study. It contains curves of 

radial stiffness versus shaft speed for proposed turhopumps having two and 

three stages and having various inducer designs. This data formed the 

background for the final investigations. 

IV. CONCLUSION 

Shaft critical speed requirements can be met by the turbopump 

configuration investigated. 

V.    ANALYSIS 

A.  LESIGN CRITERIA 

1. Rotor critical speeds shall be a minimum of 15Z removed 
from any operating speed. 

2. No natural frequencies of the turbopunp assembly shall exist 
between the minimum power level (MPL) and the normal power 
level (NPL). 

OPERATING SPEEDS 

Minimum Power Level, MPL 

Normal Power Level, NPL 

C-174 

20.000 rpm 

50,000 rpm 
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I. INTRODUCTION 

The following report presents results of parametric analyses on the 

00S turbine disk to determine the effect and interaction of life time, 

life cycles and burn duration for various turbine inlet temperatures and 

mean blade speeds. 

The turbine disks are key components in engine design for long life 

and multiple starts in that they are normally exposed to severe thermal 

gradients due to start and shutdown transients which may precipitate fatigue 

failure and they are subject to high metal temperature for long duration 

application which could induce creep rupture failure of the disk. 

This report is designed to show trends for particular design 

applications and should noc be construed to be a structural evaluation of 

point designs. 
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Ill,  DISCUSSION 

The summary of results shows some of the more significant trends which 

were observed in this study. Figures 1 and 2 require no elaboration. 

Figures 3 and 4 show the logarithmic nature of the creep damage associated 

with high temperatures and the sensitivity of life time to applied stress. 

For the design turbine inlet temperature of 1400°F Figure A shows large gains 

in mean blade speed can be made when designing between 20 and 2 hours of life- 

time but relatively small gains in mean blade speed result when one considers 

the difference between 100 and 20 hour design lives. Also notice that these 

differences become less noticeable when lower turbine inlet temperatures are 

examined. 

The fact that the turbine blade start transients can be tailored to 

mitigate thermal shock strains by utilizing ramps of less than 3 seconds 

(see Figure 7) whereas the disk thermal shock strains are unaffected by 

ramps of this duration can be attributed mainly to the geometry of the parts. 

The relative massive and cold disks require a much longer start transient 

ramp to mitigate the thermal strains. Sections V-I and V-J go into more detail 

in this area. 

The time the rotor is at turbine inlet temperature appears several times 

in the summary of results and in most cases is 75Z of the total engine run time. 

This percentage was derived in Section V-A and reflects the time which it takes 

the disk to heat up to temperature as seen in Figure 9. The time at tempera- 

ture and the burn duration both influence the amount of creep damage or creep 

rupture susceptibility which forms the rational for looking at short duration 

firings from just a fatigue fracture aspect since run times are not long enough 

to cause creep damage. 

The empirical relationships of disk average tangential stress to mean 

blade 3peed were derived by examining past turbine wheel analyses and compiling 

data from these analyses to arrive at the chosen relationship. These relation- 

ships are key factors and form the basis for determining allowable mean blade 

speeds in this parametric study. These equations and some assumptions basic to 

this study can be found in SectionsV-B through V-G. 
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The disk thermal strains which were determined in Section V-J, also 

required some basic assumptions and examination of the effects of various 

parameters.  It was this section that establishes the non-insulated turbine 

disk as most desirable from a life cycle approach as the thermal shock 

strains are estimated to be slightly less than those for an insulated disk 

and small changes in strain result in large changes in life cycles. The 

distinction between Insulated and non-insulated is mainly based on the 

portion of the disk exposed to hot gases. On the insulated disk the rim 

is the only part exposed while on the non-insulated disk the rim and the 

majority or all of the sides could be exposed. 

[ 
V    I 

The interaction between fatigue damage and creep damage on disk life 

cycles is covered in Section V-K. The linear interaction formula was 

applied and a non-insulated Waspaloy disk was assumed to determine the creep 

damage fraction (t/tR) a^j the fatigue damage fraction (—). The relation- 

ship between turbine inlet temperature and disk average tangential stress 

was fixed by the design allowables shown in Figure 17 for a 10 hour stress 

rupture life with design and safety factors of 1.61 on long time stress. 

The baseline design curves are shown in the summary of results, Figures 5 

and 6 which shows the effects of burn duration and nuaber of burns on 

short time fatigue life. This section is valuable to show trends, however, 

it is pointed out that life time *s  very sensitive to applied stress which 

negates the use of these curves for point design evaluation. 

The following is a flow chart approach to show the basic methods 

used in this study to determine life cycles, lifetime and allowable mean 

blade speeds. 
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*tt-1 

Procedure: 

Given a turbine inlet temperature (T__) material properties and thermal strain 

can be determined.  (AT » T  + T. . . .). The allowable disk average tangential 

stress was established in Section V.F and includes safety factors of 1.44 on short 

time applied stress and i.3? on long time applied stress. For this applied stress 

the time to rupture (t„) is determined for the given T__ and the allowable mean 
R TI 

blade speed is determined from the empirical equation derived in Section V.E. The 
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number of short time cycles to failure (N-) is determined by going t3 the curves "5TßAiH 

vs cycles to failure and picking off the N. associated with the estimated 

strain (£) and proper temperature. To determine Che combined effects of lifetime 

and life cycles a linear cumulative damage criteria was used where at failure the 

sums of the fatigue and creep damage ratios are assumed to equal one. 
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IV.   CONCLUSIONS 

• The disks are life cycle controlled at lower turbine inlet 

temperature and life time controlled at higher T _, , for the 

mixes of this investigation. 

• Small percentage changes in thermal shock strain result in 

large percentage changes in life cycles. 

• Trends are readily identifiable for the various mixes of 

life cycles, life time and burn duration. 

I 
I 
] 
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ESTIMATE OP TUS ef-F^x gg STA&T -rgAio^esn ^A^AP DU<2ATIO»O 

RzotA  ?i^uee zo    \T c^o ß£ «sesto THAT TH& 

*■•<&■) ft 

ä4=   £/kMf> T»V>€ 

/. «rr= .oooa 
/MfcO«) O-SO1 = .00 "2 at 

"T^e   MNVIMUM e^p&aeo  £Avtf TYMS POO. TMt ocS is 

PGOM   TlCnU^fc   2ö      IT   CAO   ße  Seto   "iU/VX "TVte.  p&AtC TH6^»\L. 

vod   feioT   KJUM5£U    \S>TWfc flAUlit Of- \WflS&BT   PaL COS 
APruc^Tiooc,, 

.0/0  - 

o 

Pa». COS   fcr^v-vcvn»-^ 
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SUBJECT 

MIOItt-SII 
tACIAMRTO Cil'FOIHI* REPORT NO 

Oo^  Pp\gin£Tmc  ^ruor 

MOE    4-^      OF <£' 
DATE 

*/3o/7 
WORK ORDER 

IÖM-OS- /0/ 

L,W. ß^ßnwoU 
CHK.BV DATE 

D£7£.qmiJbrooNj  ot DISC RIM ?t\< HAEMAL sre^ 

PUJUO.    K   ^ItP    \VJPUT   CMAfc^e   (U  TtKp. 

OJ  Pfc^t 44- "SMOo   &T- TO <5C V^JVT   SMAU» f^«^ 

R»Iä." 

f?i<rr fJuM/bta = -hj^ 

t7?;kc^ *W 
•fcrO002   ^ PC   .w ssc-'J^: 

~  "* 

_    .032.Q gjj 
*"      .OOoZ. 

*, Pfeft  M^MO PfUSi: CCT«iy 

K^.S^Co^i)-.032 

B   = 2$*o 

6^ *j*r(\jü*  1.41 % 

U4   - 2so   ctfev.© 

U      = 4<?0    c*ccfc% 
Ui 

%CM<K«.V>4.«   ^»cioo=^G% 

XT   FOLLOW "TH*T   Ac-cu^Tfc Pfceo^oa  op. TH^e^u ST*?M»JS 
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^ESE^    AIMIIT-If ■ ftal CMMMTIII 
CAMfOtMIA 

I REPORT NO. 

PAGE  4C>       OF <£/^ 
>v8.'tCT OATE 

WORK ORDER 

L.vu , ß&CTAOLF 
CHK. nv DATE 

l7€fT££^iis>Af>U>vJ o£  DISK.  ^>M   PtiCjV\W^M. STßMM   Covil 

&UCn>tö*-  U\^ASLt TV»**T   IS   H*aQ   TD   pfL^OcT    U   Ulfe 

ß(0T   |OuM^«Lr   Ig|±?i=    200 

o*5» ö£^ = .86 -*AT 

Tb    OCf*    IT  C*0   <& ^€*»&fUU>.eO TUVT  "H-rfe   %   CHfc^e. 
lO   Llffc    U1LL    ^    MUCU   \ÄS*   TV4ft»U TU*.  Pfc«La&vJ" 

Tnt.   cuöu^ ©*3 Tv*e FOLLOWifjci  p^es s*-r*o e»TiF>JOb* 

PtS   tSTlMrVTfcO   T=OÖ.   ^   £iM   H£*T£J)   CA&6    PyO TWfc   2M  ***0 

OC^OlTlO*   ^O^   PS   ST£P TC^Pfc^lVTWUr   IvrPUT   <KO     r\   ßlcTT 
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ä^xSS^    AEISIIT-Itllltl CStPOMTISI 

• ««■(«Ml 
*S»SI      lACIAMfHtO              •              CAIirOiMI* REPORT NO. 

PAGE   47     orCf\ 
S08JECT 

00 S f/)#AM6T£/C     £T(/J?f 
DATE 

WORK OROER 

PT CMK. BY DATE      j             y 

&/& Z/7J 

rt/£&/M£      J>/SK      S/£>€     7fi6£S1#L     SHOCJL     $7707/A/ 

/4ssuwe    *%"   r//££MAt   ST/ZA/AS  /S   G/f£AS   GY; 

C.y - €X - /«* A7~       FOG.   Tt*£   fft-AX/AC   "5r£j9/A/ 

SH/ £CZ>£0      J?/SAL 

£eff ?£ 
*fA1 

/*S//£ 4& 

77) 

K 
* 8to-r    AJ{ 

*W     _      .. ... _   . 

CPCPS   n/*&/AY£rs   /s /9&C¥/r <S4jc   r-j/AT  As^     mne-   ss£ 

EA/i'/xpAj/JeAjrAc   />/e£ssu*£   /</   T&E:   OoS   rt/d>ß//i/£   /A/ 

<Zortf>*><JS'OlS    ro      7-///>T   <&*>-    7&£    SS*A£   T^^/S/A/£ .        /=»^"< 

/^f£Ato     7£>4/: ÖCZ9j    SSoAz.   2>F**C£     S/vt/rr/-£    ///&*/ 

&&>*?   /?. C.   Ko84 y*lz«/     ro    AS /».    S/*?/7W ,  J>4T£02/ /)Wc 

/?// ■       77*6    ^re/loy     'srrATG      H€*T       r*Z/iAJS^£A. 

<2&err,c./G<uT Ch) *<=>*>.    r#£    A^oro*-   s/oe UAMJL.  UJ*^ 

0/3       ^/iy/z-t/'-SCC.-V^      Aloft       r#£     SS£    7Z/AZ/S'*S6  .   TWVS, 

/^/e     7~//£     OOS     /*J£     S*ALC     tsse    /fr   *     S"+ Co*3} *   0 07 
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^J*ur^>    it-MKT-SfcfttAL  CIIPtllATItl 

»«Cf-^v-i."-' < 
VwSSfjy   t«ci*«iMTO        •         CAiireiHi« 

REPORT NO 

PAGE ^6      or ,<V7 
MMCT 

&&$ /y?/e#/4£r#/c    $T{/#r 
DATE 

WORK ORDER 

BY CHK. BY DATE        ,             / 
6 A8/7/ 

7c/&3/AJ£   Z?/s/t    Sbe-    7Äew?L-  S~#QCK "ST&I/KS   {CoAj7~b) 

J 

J 

,*%   ^? ^    .ÖQ7CÜ     ~  3T 
.0002. 

s-ne./4/KS  COASO/T'CKU    FOAL   &//V    H€<*7-/AJG   <?/?    -r^e 

*>/sAL.   Hoto&JCCj IT H*s &e&j poi*JTko OUT reewous TO 

THIS   TH*T ZMfittJL   df-i/^JQGi    t **>    57E*'*J   /2&SUC7   r*J   ^SUTiUeLy 

iQßCiG   Ctif}Kt,&  /<o   LfP6<   fV/TM 7V/J J/O   A^fjfjp   rns. 

pisTt>->c!h»j a»enu£&*j TH& FULL* IU^LAVS) JZM H&+TGO 

OlSlC   fajo   TV&   RAKTIAUUr   IvS'JlftT&O     &/M   fV0   S'DB 

rt£A7S-0   OlSK   WILL   lie C4tSi&   THeU* 

Z-lhl 

It 
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'  MRom-tfMiai COWOHTIM 
!       SACIAMtMTO                •                CAII'OtMIA 

»«CS-Oiöö-i <                                                               ^■■n^ 

REPORT NO 

PAGE    4<?       OF ^ 
SLBJtCT 

0C&    PAi?flv£72iC sruuc 
DATE 

nhhi 
WORK ORDER 

l.k.SAifZTHoL? 
[    CHX. BY 

i 
DATE 

I 
H-lfc. TM££M&. "ST(2.CUIJ5  Fo£ TUfc, UAi2tOu!k   COV)OIT\ON^  ARE 

. 

Zo f 

Type  OP we\Tivit*.<f Tr*. 

4. -     Of,n\ ~<T 

P*'j   v/- 
9f/CJ   'Tr,   -t37 

r«. 
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*«C»- «***•< I 

«tMSIIT-IIIIIAL CIIMMTiai 
tCPOKT NO. 

SUlUtCT 

OOS   PAZAMtTiZtC ^TUO^ c-> 

BY 

Lw.fbAETVbiF 
CHK. BY 

ZSJ&JZ&L 
DATE 

7///» 
WORK ORDER 

DATE 

Tlig&wjg. öiSK sMQ&r TiMiL cvcus ID 
 a  -   v u«. y 

IS   IKJCL^O^O   Iü  THl\  CUfU/ts. TH^  IZSb'C   CUfcUfc  U/AS U*£ü 
AS  A  26P2,€$fcoTA"n<J<  OMU^   OUfcC TH€. "P&^PefcArTU<it   £<V»J4£ 

tcot> - 

< Steo 

ft 

ß 
V 

?-   4x> 

200 

IVAS.PM.0V 

Rt*4 t StOe H&A7IKH 

*too 1000 HOO rjoo isoo 14oo /Sbo 
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»#C*-6»{>0-t \ 

MMJIT-IMMU COIH««TIM 
tACIAalKTO • CMI'OMM 

REPORT NO 

SUBJECT 

ÖÖS PARAMETRIC Bruoy 

PAGE   S3        OF <j£} 

DATE 

7// 3/-7/ 
WORK ORDER 

l.U   ßPirZTHOLP 
CHK   BY DATE 

\ 

Z^oCT   TMC   C+CLQ  "£>  FAIUJK&.  No   CB€ZP   0flMfl$£   IS 3 

u/fls urea *s  4 /e6*ees6vr/rr/{;& L^LI/I* 0^5* 7W£ T£Mt>£&>nut£ 

10» 

a»- 

i too 

4& 

Ice 

UD!MLT   "TOO 

/4b» /«*> /JOD /a» >aa> 
—i 
ASCÜ 
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»•Ct-MOO-U 

«IROifl-tlRMAL CCMOMTIM 
i*cu*mio • CMHOIHIA 

ntPOKT NO. 

SuRJECT 

K.   P/S£  UF-C   C<fCL6   CAPAß/L/7l&  CON*fD&U*JO> 

TOTAL.    CkJlZA-DOhi.     

DATE 

1 Mi i 
WORK ORDER 

|ÖM-oS-lO'\ 
BY 

L.tU. ISACTHOLf 
CHK. BY DATE 

PISE:   LlFfc   CVCLe. CAPMSlUT'eS   6ooSlQe.EtMS,  £utJ   DUflATlOiO 

Tut PoLLou»»oCt  AUALVSIS U ustö TD €stitviAn\. m% ceee? 
DAMAvCn«.   (\S5>OCl *rTeö  to ITU  gufZN  DU£\TIONJ   ^KJO    N^fcSS "TUiS, 
D AMAAS   tvJTfcÄMS   OF-   \tS   t^ÜT   OvJ    OliK.      \j£fc    OfCJL«. 

oep^oos ?/MeT*ALLY  oto TV\C Otsic MATE^IM.. FC« uuAsfM-ov 

i4ou?   Pet. Fifcurtft  H    ^   la   , Fot *n-»t  to we, SIWä ^U?TU3^ 

IAJAS^U)^ UOM -I€T"   "lOu 

TUC<?|OC 
V*rt_tT 

1^3 

ATS 
ALUv»AÖL6 

( PT/KO 

AUäUAILC 

ATS 
ALUaoAfli? 

VfcfcO 
UTA*O 

iSoo 3fe    Sols 48 
0 

124T 

I4cö SO \T10 5<* |38o 

t"2öö 67- l4"?o ~M 1TIO 

»7OD €5» iCiS" <H n^o 
hoo P30 \-Y3o 108 l66o 

l-ooo 105 ms- Mo 1880 

J 
I 

4 

,      -|r        .   / A,TSV 
UAU<u»~   I £)M / 

*L 
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«4CI-M5M I 

UMHHM    SACIAMIM10 • c»i:»Oi«i» 
REPORT NO. 

| SUBJECT 

00<>   PtvZAtf&rejc srwoV 

PAGE  35"      *F djC 

DATE 

WORK ORDER 

LXS, 
CHK  BY OATE 

WA-SPAIQY   OlSfcC   M1QUJA6L&  MtAO   &jjfc_Sfe^ 

\ 

1 MA-rert-»*. Pco^t«^nts ALLCWAGUE. M"S;   KSJ 

1 o  Me 

it 

7. MC 
Fc. 

\0 Md. 

Fc4 

M-7 ftiAfei 
TtMP 

i 
IM*. IOWA. 10 HO. 

L°B (V^O (CSi) U<s») (icso I*M; (es(j> (IC%lj (fcso 

MOD I7Ö IOO loo IOO IOO 

IZOO I&L /4o I3ö /24 fs- 07 &l 77 

lk>o /4S- no loe loo Ä5- ~I4- LI £2. 

|AOV3 11* 4Z 6o 14> 63 sa SO 4fc 

ITOO <?0 73 se S3 S3 4S zt> 33 

Uco "7 t, 57 S3 34- f5" 3S -24- 2/ 

Mt/MJ ftLAOe speca, "U7 = = 1/Mi 
.0*1 

'L 

TtMP. 
ALLOuJ^t^^tAv;  ßl>Dfc SPtöi.ir 

CFO 1.1*** O rtW 2*** lO hH2ü 1o wu 

WOO mo nio. »n^o n^o 

rzco n4s" |C]o lOt-S" lS~K 

IhOO i<*^ cS*4tf 1410 l4io 

I4CO |43o l^fec moo*.» IZ2o 

f SOD i3o^r |200 loir lO'bO 

/60Ö |1oo 1 OfcO eno ezo 
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»<f»«»W-l I 

SUBJECT 

AtioiiT-itifm coiroimoa 
IACIAMIHIO • CAUHMNIA 

REPORT NO. 

OPS FAßAMenaic STUDY 

PAGE  56»        OF <SC 

DATE      *"""""    ™~" 

-7/6/7/   __ 
WORK ORDER 

LW, gAe?H0LF 
CrtK. BY DATE 

To    D£.7€*Mi 
Foa   \MftlOUj   QUL$ 

6)»f£NJ    A    ITX   Auo A*J   ASSOCIATED   ATZ    77/£   T/Mt  TO 1 
Rup-njtJLj c£j  c**-» &z. o£7£*w£p roe  UA&OUS SUZU DUwnort, tj 
Ah>0 ~tU&   OAylACtS   FAc.TOXL(-t/i J   EuALuATtO FOt 7U£ e^PZctt* \ 
eve» Do>CAT/C vs.       . .      . /      . .     ...... J 

foe.  Sr-f(\^pL& , A  &* 9 S'0& HZATto  DISK. to/TV  A 
1T, = t4co' F   AND    475 - H <Si   Pent   UJtßPALo*. 2T CAM && 
*e&j  F&aM  Visual. *f,    THAT AHB& A&uT   /?5 5£e.o^ci "fr& 
CnJTtßi.   0/S<   /S   AT   7_    X>  ~JH*T 7>/6   t^   @V4tt>V 4^0 4=i tcti    /s 
AiOUT  joo H** £/.44(ioß5&:~].   "Thlh  ÜA~iA$6   >*> 7V£ Ft en   /2S* 
ZeCGKJOs    CAtJ     $£    Z&T/MAT&Q    &r   USlvc,   /*JCae&«GuT\   OF Tt/^e. 
Foe v-fe nezT is st=coAX>s TU& AU*. DISK. ;'&mL T^J**/^*"^*^ 

H/4H Ofi * torv*i). ine. »tot so secoun y»c   o/s< /? m A>-> 

77A*C 10 ZuPTunt Ar 49 & 1   /s   /o4*Mi^SLOOJ'*f<J.  Tn£*e*>4t 
1»£   DAMA46   FSAcT/ChJ    FoR   A   SUdtJ   G£tAT€lL   7H*tJ    J7iS     S6t£>*JO$ 
it t>eT£z.KAitJV> &r: 

-e      O    +  /.4C'°fC+   'LIS-QojX^lJZS) 

£    =   1,4 Oof'* .c*sO*fL(i -/zr) 

R>e.   AtU£-7/^Lt   6U£>JS  OP   T/Mti'LJ     7H£   DA*A6>6 
FeAcTPXJ, £',    is   Given *<r; 

f?' ä t{R t~Ae't;   fi/L*   AJU*AA6< OF 4U£AX  O* 

fo^   A    /COO St£-o**o    &UCKI: 

K-  1.4 (/of1, -* .(#\'Üo) 'c &7r) 
= 1 A dop + cozUoy** 
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*«cs-e»ee-< l 
•ACIAMlMIO • £*llfÖIKt« 

RIKJRTNO* 

SUBJECT 

O&S   PAZAMBTitiC   STU0Y 

L.u>. BAIOVOLP 
CHK. av 

DATE 

W*o/-7i 
WORK ORDER 

/Ö//-OJT./O/ 
DATE 

I 
CT OF gut>N outATJosi 0AJ Tue&iKte o/sjc upg 

6&LOUJ. 

u 2Ä.*I <r i 
hj 

= i 

lb   0£7£&MI-K>L   THE  SHOO- T/M g    C9CCGS (l&  (Jt> ce£&> OAMAdir) 
e&jAi*»>jQ AFThz  f\ saves oP LOKIC, DueATtosi Zulus (i.e. cte& 

3>hM*6£>)   7>f£   POLLou/Ut*   MG-TttoO HJJS   Uf&O, 

5/Atft     A^    *  hJjL   =   A^ 

Wo* of  Afi'Lico   Cyctsi -   - ^ 

2**ATt**j  pp   AftLttz cicczs ; 

CfCL&i    To   p4lL<J*C     W/THOJT   T/1«      CFP^-TS   (c/*Z*P  Z>1*M(j*) 

Du/iATio*   TO   CA.23P futrvAG.    MTttoJT   Cyclic  f*n<|./S Effects 
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*«Ct-«*>V-1 1 
««CIAMIMI« • C*llf*IHI* REPORT NO. 

S< SVJtCT 

&&S    SZ/tAwrez    smoy 
PAG* $8   QF^<y 
DATE 

WORK ORDER 

BY 

L.CO. SAZJHöLF 
CHK. BY DATE 

c/z<//?/ 

Tu&ßftJB   J?/5*^  CZZEP  ßjprrj&e.   DAMAGE. 

7c/e£//ue TMcer 
T&M/>£/** TUA£ 

/3ÖO 

/¥oe> 

M&. mot. 

yC, Caufrffauä 

C^z) 

38 

49 

/2S 

-5~00 

/0&& 

2e?oo 

sooo 

/2S 

^TOO 

/OOO 

2»ö 

5&&0 

K^. 
TW 

75 
^o 

/2S 
375" 

soo 

/OOO 
/OOO 

~Z<ZKX> 
-3OOO 

<Tz>ec) 

H'CiH 

iznCjof 

.36 erf 

4l(tQ)C 

SSlQof 

CD 

tor* 

-7S- 
SO 

/OOO 

•OOO 

2coO 
3<DOO 

**i 
9 (to-** 

lotouor*' 
lofi(ioyt' 

24390*^ 

S2 Ifi/tf* 

szrtQtf 

<3S49t'<$< 

o 
300o)c 

&Cof   I.4C»)"- 
/.44C'o)i"2telL°):i 

//&(/o)t 

I&400) 

/.SI (/o){ 

t.44i«>J- 

rl 26>IU<Q 
341 Co)'*1 

&8QoTk 

'302 </0)' 

J302C/OJ 

A/üW/Se* 

ot £'fiU*X7ki 

110,000 

953 

4/0 

/9Z 

-74 

700000 

Aooo 

I64Ö 
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I 

{SHOES* «iRoiir-ifiiRAi CORMRATIM 

»«Ct-0«6»-U 

REPORT NO 

PACE   S^        OF fefl 
SUBJECT 

P/9/ZÖM6T6/Z      STUDY 
DATE 

WORK ORDER 

■ V CHK.BV DATE       .           / 
C/24/7/ 

I 
I 

WxAtue  ASK  feet?  &JPTUA&   <£>/>S»#&-£ fcov 

&>M    /?«yp     Site      //etTtVG       (CvASPALOf   MAlti-lAL) 

its') 

vumtA 

OF'{" auto 
T/OM TO FNIMA 

/soo GZ /?S 75 
So 

UfCfH 
120 (tot 

0 

.O70*TC 
14 (lo) 6 

.07 (/of 

- . . 

Soo /2S 
SIS 

lecoUoj' .07(10)-* 

lodoy* 

/4SOO 

/aoo S~oo 
s~oo 

~7.i(jo} -7oQoy** ,c 

ita.SUd'* 

2000 /ooo 
/ooo 

G.lsCtojf- 
ISS-tLof* 

2670 

*4*UoJ* 

.. — 
^Zk?0 

£4do)' 
lllo 

^QZOof- 

/Z0O 31 /2S' US 0 HtC>H 

S&o 
37 r 

0 

SSQo)-* 

I73&0 

- ■ 
/<POO 57*o S.C-Ocf S&(/o)'*> 

7-7 i/or* 
74CO 

2COO /ooo 
/ooo 

lAOojL S4to 

Zoquoj* 

•Sooo 

' c=wi— 

zooo 
So Oo 

4>*&of Z&f4of 
46o(io? 

/33S 

149 UoJ* 



»«CI-M3CM1 
(«CiAMIHte CAIirOINIA REPORT NO. 

SUBJECT 

OOS PAZAMtTßic  sruo<r 

»AGE  £Q     or 69 
DATE 

-7U/-7I 
WORK ORDER 

BY 

£.A4 ß& tiHoi.fi 
CHK. BY DATE 

7Ä/E ^/J3£.   SHOUJhJ   FoiZ   UJASPALOV    JZ/M   $ S/0£   H£AT&Q 
DISK.    ß£PZ€S£K)TS 77-lS   u>o£S£.   Co*>OiWO+i  FOC   T?-i€  AOS^MA7fO(£ 

THAI   IS:     •    tfölMZT   LOlLL   5HcuJ   A   LOUJ&Z   DAMA<S,£ 

•   Rif*   HtATfJO   OtJCr   OJ/iC   SHOOJ A   Louj&l 
OAU*6)£ mAier/on "12". 

(/h»M67    *?00   SHOUS   A   MCH  LOw&L    Lot»  CYCUL  FAT/b,Uh 
CAfAaiL/Vr   THArJ   UJftSPALO? AfiJO Pol   TH/S  GGASOhJ MA* *&r 
££   AiJ   FtO£(iU*n.   7U£8iiJ£ OlSk.   VAlZe/AL. 

M 
11 
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r«Njit2   MIOJIT-ltMMl BBSMMTiO» 
LunSni      »ACtAHlMTO • CAIiretNIA 

I 
A«C»-0»OC-II 

SUBJECT 

REPORT NO 

OPS PAZAMZTOC STUDY. 

PAGE    (Q / 

DATE 

7/7/7/ 

OF 

WORK ORDER 

/«9/A- 0S-/O/ 

/,£/ g/ien/oL) CHK. BY DATE 

EPTCJCT OF 5ueo Dug^oKj  ON 7Uggiw€  DISK   L'P€ 

^-^f'-^i-^ *C»"4.*J 

uhert:  A/   - hJut4&e.ii or smtr ßu*/js C<JOO satj ££MAI*JIHC 

.    N    =   ÜUMtet OP Lo^C  OUOkTiori &UCuS 
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i, 
I. INTRODUCTION 

This report presents thermal fatigue life estimates for the COS chamber 

considering whether it is made of silver zirconium copper or zirconium copper 

material.  Low cycle fatigue specimen test data for the two copper alloys has 

been obtained from two independent sources; (1) an ALRC Space Shuttle IR&D 

test program and (2) an NAR, Rocketdyne contract with AFRPL (F04611-70-C-C-0014) 

The copper designated AG-ZR-CU is an ALRC equivalent of the North American 

Rockwell (NAR) Narloy. 

During the Phase B ALRC Space Shuttle effort low cycle fatigue tests 

on various copper alloys indicated (Reference 1) as shown in Figure 1 that 

the zirconium copper is the superior alloy relative to the silver-zirconium 

or Boron deoxidized copper.  Subsequently, the Rocketdyne work under contract 

to AFRPL (Reference 2) seemed to indicate as shown in Figure 2 that NARloy, 

a silver-zirconium copper, is the best fatigue resistant copper alloy.  Recent 

investigation regarding these tests revealed that Rocketdyne's tests were run 

in an inert and non-oxidizing envirorment whereas ALRC tests were in air. 

Tests run in an inert environment at the Naval Research Laboratory, the 

General Electric Corporate Research and Development Laboratory, and the Oak 

Ridge National Laboratory, show significantly for a variety of structural 

metals a one to two order of magnitude increase in fatigue life over those of 

tests run in air where oxidation is taking place. Accordingly, the data 

presented herein is classified as to whether the environment is inert or 

not (i.e., Air). 

The report first summarizes the estimated thermal fatigue life for 

the 00S chamber for various design parameters such as wall maximum metal 

temperature (T™), thermal gradient (T  - T ..), copper alloy, and 

environment (air or inert).  The remainder of the report pertains primarily 

to the analysis of the copper alloy material specimen fatigue test data and 

the method of estimating chamber life. 

I, 
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II. SUMMARY OF RESULTS 

Figures 3 and A present estimated thermal fatigue lives of the chamber 

in terms of the coolant design parameters. 

J 

J 

I 
J 

III.  DISCUSSION 

The first indication that the Rocketdyne tests were run in an inert 

environment occurred recently when it was noted upon review of their progress 

report (Reference 2) that their test assembly schematic, Figure 5, showed an 

argon purge vent. A subsequent telecon with Don Penn of AFRPL confirmed that 

indeed Rocketdyne's tests were in an inert environment. No mention of the 

test environment exists in the progress report. 

Oxidation at high temperatures and even at room temperature has been 

found to greatly reduce fatigue life of metals tested in air relative to that 

of inert environment tests (References 3 and 4).  Figures 6 and 7 show these 

effects comparing vacuum and air test results for A-286, cast Udimet 500 and 

high-purity nickel. Notice that zirconium copper air tested LCF life trend 

depicted in Figure 8 is very similar to the A-286 vacuum vs air trends in 

Figure 6. 

I 

I 

I 

In order to eliminate the test environment from the assessment as to 

which is the superior fatigue resistant material, both the NARloy and 

Zirconium copper test data for 500*F in an inert environment is presented 

In Figure 9.  This figure shows that considering the limited data points 

and the scatter typical of such test data no conclusive decision regarding 

superiority can be made. The materials appear to be equally fatigue 

resistant. 

The environmental effect on fatigue strengths of zirconium copper and 

silver-zirconium copper (NARloy) In the low cycle life range is shown in 

Figures 10 and 11. The differences In life are again pronounced in a fashion 

similar to that shown in Figure 6 for A-286. 
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i 
For a given cyclic strain range the inert environment tests showed 

the fatigue life to be a function of temperature as shown in Figure 12. 

The trend of increased life with increased temperature may be explained as 

due to the associated reduction in yield strength (see Figure 16) and 

hysteresis energy described in Figure 13.  The ductility as measured by 

reduction in area (i.e., R.A.) in elevated temperature tensile tests does 

not change over the temperature range where life is increasing and thus 

it does not explain increase life observed. Many technical papers such 

as References 5 through 8 have been written that correlate fatigue life 

to the hysteresis energy. 

Through a recent telecon with Don Penn (Reference 9) of AFRPL 

additional fatigue data for various temperatures were obtained.  Based 

on these data and those earlier reported in Reference 2 the plots of 

Figures 14 and 15 were developed.  It is not uncommon to find that at 

the higher temperatures a plot of fatigue life versus temperature on a 

semi-log scale results in almost straight lines like those from 700°F to 

1200°F in Figures 14 and 15. ALRC tests on ARMCO 22-13-5 and A-286 and 

G.E. tests on CRES 304 yielded similar trends. A plausible reason for 

such behavior could be that at this temperature range a significant amount 

of creep damage is occurring. 

In summary, the general increase in life due to an inert environment 

could be explained in terms of the absence of oxidation. The increase in 

life from room temperature to 700 or 800°F may be due to the reduced 

hysteresis energy developed due to the lowering of the material yield 

strength, and the reduction in life from 800°F to higher temperatures 

could be due to increasing degrees of creep damage. Clearly, more test 

data is necessary to establish the design data necessary to chamber design. 

Also, the questions of what is the chamber operating environment and how 

close is it to t:h*j inert or air environment regarding effects on fatigue 

life have to be answered. 

I 
I 
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IV. CONCLUSIONS 

Copper chamber fatigue life estimates relative to metal 

temperature and gradients have been accomplished. 

A caparison of zirconium copper and silver-zirconium copper 

alleys regarding low cycle fatigue strengths has been made. 

The apparent differences in ALRC and Rocketdyne test data 

were attributed to the differences in test environment. 

ALRC tested in air whereas Rocketdyne tested in an inert 

environment.  A comparison of zirconium copper and NARloy 

using 500°F inert environment test data for both shows no 

superiority in either material can be deduced due to the 

limited data points and typical data scatter. 

Test environment can have great effects on fatigue 

strengths and cyclic life.  A non-oxidizing environment can 

easily increase the cyclic life by one to two orders of 

magnitude. 

! 

1 

1 

J 
1 

! 

1 

v. 

•   Fuither material fatigue specimen data are necessary to 

establish optimum copper alloy choice and chamber design 

conditions. 

RECOMMENDATIONS 

A new fatigue test program for copper alloy fatigue properties should 

be undertaken prior to further detailed design of the OOS engine.  This 

program should be directed toward better defining the strain, temperature, 

life relationships that were estimated in Figures 14 and 15 of this report. 

Also, perhaps some Boron De-ox I <lized copper alloy in addition to zirconium 

«nd Narloy alloys should be tested In an inert environment if the inert 

environment regarding fatigue is deemed closest to the chamber operating 

environment.  A ROM cost of such a program is about $75,000 based on 

previous test costs. 
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Combustion Components - Materials List 

Preburner 

Oxidizer and Fuel Inlet Manifolds 

Injector Housing 

Injector Platelets 

Regen. Tubes 

ARMCO 22-13-5 

ARMCO 22-13-5 

Nickel 200 

ARMCO 22-13-5 

Main Injector 

FRHG Manifold and Body 

Distribution Vanes 

Injector Vanes 

Oxidizer Torus 

ARMCO 22-13-5 

OFHC Copper 

ARMCO 22-13-5 

Main Combustion Chamber 

Liner 

Wire Wrap 

Support Cone 

Manifolds 

Zirconium Copper 

ARMCO 22-13-5 

Inconel 718 

ARMCO 22-13-5 

Cooled Nozzle 

Tube Assembly 

Manj folds 

ARMCO 22-13-5 

ARMCO 22-13-5 

'.'.o7.zle  Extension   (Alternate Concept) ACCarb-101 
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:U orials 

\'\NiV 22-13-5, a high strength, austenitic stainless steel, has been 

- 'ectec as the material for the preburner assembly except for the injector 

•ace where Nickel 200 is used.  ARMCO 22-13-5 was selected in preference to 

the higher strength, nickel base alloy, Inconel 718 due to its resistance to 

hydrogen embrittlement and in preference to the higher strength, embrittlement 

immune A-286 stainless steel due to its superior welding and brazing characteristics. 

rhe preburner fuel circuit temperature is well within the effective embrittlement 

temperature range. 

In addition to its resistance to hydrogen embrittlement, ARMCO 22-13-5, 

also meets ttie preburner design requirements of excellent ductility and fabric-ability 

ductility is particularly important in the regeneratively cooled chamber which is 

1 >w cycl« fatigue limited.  Low cycle fatigue tests conducted at ALRC on ARMCO 

22-13-5 indicated that its cycle life is equivalent to that of the lower strength 

300 scries austenitic stainless steels and will provide the life requirements of 

the iH).S engine. 

Nickel 200 is selected as the injector material on the basis of its high 

thermal conductivity which is required to reduce face temperatures to within 

icceptahle limits.  Although N'Lckel 200 is susceptible to hydrogen embrittlement, 

it retains approximately 60% of its ductility in high pressure gaseous hydrogen 

.i-1 err-ined by tensile testing at ALRC.  The material possesses adequate 

.. tilitv since this application is tensile rather than low cycle fatigue limited 

.i »o the low temperature gradients across the thickness of the injector face. 

. r. 1 200 possesses excellent fabrication characteristics and can readily be 

.:.•■■: t  the stainless steel portions of this assembly. 



v1ain Injector - Materials 

ARMCO 22-13-5 stainless steel is selected as the main injector body- 

manifold assembly while 30AL stainless steel and OFHC copper are selected as 

the materials for a composite vane assembly.  ARMCO 2.2-13-5 was selected for 

its hieb strength, (typical yield strength - 70 ksi) fabricability. good low 

temperature ductility and resistance to hydrogen embrittlement and low thermal 

conductivity.  The low temperature ductility is required for the body-manifold 

assembly which is exposed to liquid oxygen.  Resistance to hydrogen embrittle- 

ment is required where the injector body comes in contact with the hydrogen 

rich turbine exhaust gas.  Testing of alloys in high pressure gas simulating 

that of the turbine exhaust has been conducted at ALRC and the results indi- 

cated that the water vapor content of the hydrogen rich gas does not inhibit 

embrittlement.  This testing also led to the selection of hydrogen embrittle- 

ment resistant 304L stainless steel and OFHC copper for the injector vanes 

which are exposed externally to the hydrogen rich gas. 

The vane internal environment is high pressure oxygen at temperatures 

ranging from cryogenic at the inlet to ambient temperatures at the tip.  The 

vane materials possess excellent ductility over the full service temperature 

range.  OFHC copper is used for the injection vane because its high thermal 

conductivity enhances heat transfer through and within the vane.  As a result, 

the thermally induced strains are minimized, and the injector is an efficient 

FRHC/oxidizer heat exchanger.  OFHC copper is used in preference to the higher 

strength zirconium copper used for the injector vanes since the latter alloy 

places a restriction on the maximum brazing or bonding temperature that may 

h,_<  used in vane fabrication, and the former alloy possesses adequate strength. 

The oxvgen distribution vanes are fabricated of 304L stainless steel; they 

'' T-: the mal resistances between the oxygen inlet manifold and warmer injector 
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.1 i n   '. o mbustion Chamber - Materials 

The combustion chamber liner will be fabricated from oxygen free (0.001% 

0-, max.) zirconium copper. A copper alloy is required since the heat flux 

obtained in the chamber requires the use of materials of the highest thermal 

conductivity tc prevent burn-through of the hot gas liner. Copper and its 

alloys are not subject to hydrogen embrittlement by the hydrogen within the 

chamber coolant passages.  Zirconium copper is selected over other candidate 

alloys as the result of an extensive IR&D material test program conducted ac ALRC. 

Since the main combustion chamber life is governed by low cycle fatigue, special 

emphasis was given to this type of testing.  Tensile, creep and thermal conductivity 

tests were also conducted on the candidate copper alloys to provide needed design 

data.  Zirconium copper provided the highest low cycle fatigue life of the alloys 

tested with the least sacrifice in thermal conductivity. 

The brazing alloy selected for the attachment of the channel closures is a 

silver base alloy consisting of 65% Ag - 15 Pd and 20% Cu (Palcusii 15).  The 

selection of this alloy was based on its excellent brazing characteristics with 

respect to copper alloys and its brazing temperature of 1650°F is compatible with 

the zirconium-copper base material. Other alloys considered for brazing of the 

channel closures were the gold brazing alloy (Nicoro 80) and electroless nickel. 

The gold alloys was not selected because it required a high brazing temperature 

C1750°F), which is not compatible with the zirconium copper base metal.  l.lectroless 

nickel brazing alloy is selected as a back-up alloy for the Palcusii 15 since it can 

he readily preplaced by plating on the channel closures and minimize the risk of 

: lupine:.  However electroless nickel does have the disadvantage of a high brazing 

•..■■•: erature !750°F.  Also, joints fabricated with electroless nickel are prone to 

•••.'. nil'--. l-!)hosphorous layers in the joint unless sufficient time is allowed 
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The cnamber wire wrap and outlet manifold material is ARMCO 22-13-5, 

a high strength austenitic stainless steel.  This material is selected for the 

manifolds primarily for its resistance to hydrogen embrittlement.  It also 

possesses both excellent fabrication characteristics and ductility over the 

service temperature range. ARMCO 22-13-5 is selected as the wire wrap material 

since it is unique in retaining the highest strength of the non heat treatable 

materials after the braze cycle which joins it to the copper chamber.  It also 

matches the coefficient of expansion of zirconium copper which is required to 

maintain joint contact during the brazing process. 

Inconel 718 is selected as the support core on th.; basis of strength and 

fabricability characteristics.  Its use is not restricted by compatibility with 

hydrogen in this application.  Inconel 718 will be aged prior to joining to the 

ARMCO 22-13-5 members, since exposure the latter alloy to the thermal cycle will 

drastically lower its low temperature ductility. 
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Cooled  Nozzle - Materials 

The cooled nozzle is a brazed tubular assembly whose service environment 

consists of exposure to high pressure hydrogen internally and exposure to 

propellant combustion products externally. The primary criteria for material 

selection are brazeability and resistance to hydrogen embrittlement.  The latter 

requirement results from the thermal gradient within the coolant tubes which 

impose a localized service environment of room temperature, high pressure 

gaseous hydrogen, a condition for maximum embrittlement. ARMCO 22-13-5 stain- 

less steel is selected as the tube material.  Its strength is intermediate between 

the other embrittlement resistant candidate alloys, 347 and A-286 stainless 

steels, and is adequate for the nozzle. The use of the higher strength A-286 

would impose additional special processing techniques due to its poor 

brazeability. ARMCO 22-13-5 possesses excellent brazing characteristics. Braze 

wet and flow studies performed at ALRC have shown its brazing characteristics 

are similar to those of 347 stainless steel. The hydrogen inlet manifold 

material is ARMCO 22-13-5 because of its strength, brazing and embrittlement 

characteristics. 
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^Ü.zzle Extension - Materials 

The nozzle extension material used in the alternate nozzle design is 

AGCarb-101, a fiber reinforced graphite composite. AGCarb is one of a relatively 

new class of high temperature composite materials formed from approximately 66% 

high strength graphite fibers bonded together with a graphite matrix. The 

latter is formed from the carbonization and graphitization of a special carbon- 

filled phenyl-aldehyde condensation resin and cool tar pitch. The strength of 

fibrous reinforced graphite composites typified by AGCarb-101 is two to five 

times the strength of normal missile grades of graphite. As with the bulk 

graphites, strength increases with increasing temperature to 5000°F. On a 

strength to weight ratio basis, AGCarb 101 offers a distinct advantage over the 

refractory metals at the nozzle operating temperature. 

Several ALRC test programs have demonstrated that AGCarb possesses 

excellent resistance to thermal and mechanical shock. The corrosion rate of 

AGCarb in oxygen-hydrogen combustion products has been found to be negligible 

in nozzle extension environments when used properly. 
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